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ERRATUM 

In the third paragraph of XI, No. 3 (July), 320, the first sentence should read: “To test 
the possibility of escape, a hundred flies, weighing about 41.1 mg. per hundred, were counted 
into each of three traps, and a hundred large flies, weighing about 124.1 mg. per hundred, were 
counted into each of three other traps.” 
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THE RELATION BETWEEN TEMPERATURE, SALTS, HYDROGEN 
ION CONCENTRATION, AND FREQUENCY OF INGESTION 
OF FOOD BY AMOEBA 1 

(Eight figures) 

S. O. MAST AND R. A. FENNELL 
Zoological Laboratory, Johns Hopkins University 

INTRODUCTION 

I T IS well known that under some conditions amoebae do not feed, although the 
culture medium contains an abundance of food, and that under other conditions 
some feed and others do not. This shows that feeding in amoebae depends upon 
the condition of the organisms and the condition of the environment. However, only 
a few detailed observations have been made concerning the determining factors. 

Schaeffer (1916) maintains that the most important single factor in inducing feeding 
in amoebae is movement of the food, but that the character of the food paxtides taken 
in is also involved. He says that, in general, soluble particles are more readily taken 
than insoluble ones. 

Mast and Hahnert (1935) came to the following conclusion: 

Amoeba p>oleus does not feed when it is not attached to the substratum, therefore anything 
which facilitates attachment facilitates feeding. It has been repeatedly observed that feeding 
increased greatly if amoebae were transferred from a solution in which attachment was weak, to 
one m which it was strong, e g., fresh Chalkley solution. It was repeatedly observed that feeding 
increased if the amoebae were agitated. This was particularly marked in specimens transferred 
from ordinary culture dishes to slides. Starvation facilitates feeding, but not if it continues 
until the amoebae no longer attach firmly. Specimens kept without food 5 to 8 days usually do 
not feed again no matter how they are treated, although they live 10 days or longer. 

Aside from these facts, little is known concerning the factors which determine feeding 
in Amoeba. More is known, however, concerning these factors in other protozoa. 

Schaeffer (1910) made a very thorough study of feeding in Stentor caeruleus. He 
maintains that hunger accelerates frequency of ingestion, that satiety retards it, and 
that Stentor takes some organisms more readily than others. 

1 We are indebted to the Marine Biological Laboratory at Woods Hole, Massachusetts, for facBities 
used in making some of the experiments considered below. 
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Metalnikow (1912') maintains that low temperatures, high temperatures, weak alka¬ 
line solutions, and old culture solutions retard frequency of ingestion of particles by 
parameda, and that moderate temperatures, weak add solutions, alcohols, and arsenious 
compounds accelerate it. He found also that paramecia ingests digestible substances 
more readily than indigestible substances. 

MATERIALS AND METHODS 

Kaulbaum’s “purest’’ chemicals and triple (Pyrex glass) distilled water were used 
in all solutions. The salts were carefully dried and weighed, and in some instances puri¬ 
fied by recrystallization. The concentration of the hydroxide solutions used was ascer¬ 
tained by titrating against a known amount of potassium add phthalate (KHC8H 4 0 4 ), 
as outlined by Clark (1928). The solutions were stored in Pyrex glass flasks, which 
contained an outlet with a stopcock and an inlet with a soda-lime tube attached. The 
concentration of MgCh and CaCh was ascertained by the method described by Blasdale 
(1931). The concentration of the phosphates used was ascertained by the molybdenum- 
blue method of Deniges, as modified by Farber and Youngburg (1932). Caldum chlor¬ 
ide was substituted for CaH 4 (P 0 4 ) a in solutions with low hydrogen ion concentrations, 
so as to avoid predpitation of the caldum. 

The temperature of the solutions in which feeding was tested was controlled by means 
of a temperature bath, designed by Pitts (1932). This bath consists of a small brass 
box which fits on the stage of the microscope and contains a flat-bottom glass dish 
surrounded by a rubber diaphragm to prevent leakage of water. The glass dish was 
made as follows: A 50-cc. Pyrex glass beaker was painted inside and outside with paraf¬ 
fin; then a line in the paraffin 2 mm. wide was made around the beaker 2.5 cm. from 
the bottom, after which it was immersed in hydrofluoric add and left 24 hours. During 
this time the acid dissolved the glass which was not covered by paraffin, separating the 
bottom from the top. The rough edges of the bottom were ground down and polished. 
The temperature in the glass dish was adjusted by regulating the flow of water of the 
desired temperature through the bath. The hydrogen ion concentration of the solutions 
was measured electrically. 

Chilomonas paramecium cultured in sterile glucose-peptone solution (1.5 g. glucose 
and 3.5 g. peptone in 1,000 cc. water) was used as food in all experiments made. Sterile 
cultures were obtained by a method similar to that which was perfected by Hargitt and 
Fray (1917) and Phillips (1922). Twenty-five chilomonads were put into 0.4 cc. of 
glucose-peptone solution on a sterile depression slide in a sterile Petri dish. Then the 
dish was covered and left 5 minutes. The chilomonads were then transferred with a 
sterile pipet (plugged with sterile cotton at the bulb end) to the same amount of solu¬ 
tion on another depression slide in another Petri dish, which was covered and left 5 
minutes. This process was then repeated thirteen times, after which one of the chilo¬ 
monads was transferred to each of fourteen sterile 125 cc. flasks, each of which con¬ 
tained 50 cc. of sterile glucose-peptone solution. 

The flasks were left from $ to 7 days; then one of the sterile flasks was used to in¬ 
oculate additional flasks, each containing 50 cc. of sterile glucose-peptone solution. The 
freshly inoculated flasks were left 48 hours, that is, until chilomonads were ab und a n t. 
Then the chilomonads in three of these flasks were transferred, as follows, to the solu¬ 
tion used in the tests on feeding: Fifteen cubic centimeters of the solution in one of the 
flasks was put into each of two centrifuge tubes and centrifuged at a moderate speed for 

[Physiological Zoology 
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5 minutes, after which all but i cc. of the solution (i.e., the solution which contained the 
chilomonads) was poured off. Then 14 cc. of the solution from the flask was added to 
each test tube. This was repeated until all the solution in the three flasks was centri¬ 
fuged. Then 14 cc. of the solution to be used for the test on feeding was added to each 
tube and centrifuged, after which all but 1 cc. at the bottom of the tube was poured off. 
This procedure was repeated three times. During the successive transfers the glucose- 
peptone in which chilomonads were cultured was diluted about 40,000 times. Chilo- 
monads were prepared in this way for each test on feeding, as described below. 

The amoebae used were cultured in Chalkley solution (see p. 4) containing rice 
and wheat. Three weeks after inoculation the best culture was selected; and from this 
250 amoebae 2 of the same size and appearance were taken, put into a small Pyrex glass 
dish which contained 5 cc. distilled water, and left 10 minutes. Then they were trans¬ 
ferred through the same amount of distilled water three more times, but after the last 
transfer they were left for 24 hours instead of 10 minutes. At this time each amoeba 
had three or four long, slender pseudopods and little, if any, food (no fat or starch), 
and most of them were not attached or only loosely attached to the substratum. From 
these 250 amoebae, 100 as nearly as possible the same in size, structure, and form were 
selected and put into a small beaker which contained 5 cc. of the solution to be used in 
the test on feeding, and left 5 minutes. Then they were transferred, in the same way, 
through the same amount of solution three more times, after which they were trans¬ 
ferred to the same amount of solution in the small glass dish in the Pitts temperature 
bath, which was now covered, sealed with vaseline, and left undisturbed for 15 minutes 
for adjustment to the solution. Then the cover of the dish was removed, and 2 cc. of the 
solution containing chilomonads prepared for tests on feeding were added, after which 
the dish was again covered and sealed. Fifteen minutes after adding the chilomonads 
to the bath, 10 amoebae were taken out, put on a glass slide between parallel ridges of 
vaseline, and covered with a cover slip. Then some of the solution was removed with 
filter paper so as to flatten the amoebae; then the chilomonads in each amoeba were 
counted, and the mean calculated and recorded. This was repeated 30, 60, and 120 
minutes after the chilomonads had been in the Pitts bath. The results obtained are 
considered in the following pages. 

THE RELATION BETWEEN ABUNDANCE OF FOOD AND FREQUENCY OF INGESTION 

by Amoeba protew 

Metalnikow (1912) maintains that in paramecia the rate of feeding is, within wide 
limits, independent of the abundance of food in the culture solution; but Fenn (1921) 
maintains that in leucocytes the number of particles ingested by them is directly propor¬ 
tional to the number of particles in suspension. 

One hundred selected amoebae in Chalkley solution were put into each of two Pitts 
temperature baths, adjusted to 24 0 C. Then about 925,000 chilomonads were added to 
one and 1,850,000 to the other, after which Chalkley solution was added until the volume 
in both was 3 cc.; then the number of chilomonads ingested by the amoebae was ascer¬ 
tained, as described above. 

The results are given in Table 1. These results show that the number of chilomonads 

* Each time that amoebae were removed from a culture, the solution taken out with them was re¬ 
placed with distilled water. Owing to this, the hydrogen ion concentration in the cultures remained nearly 
constant. 
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ingested in 15- and 30-minute periods was slightly higher in the solution which contains 
the greater number of chilomonads, but that the number ingested in 60 and 120 minutes 
was nearly the same in both solutions. This demonstrates that there can be great varia¬ 
tion in the abundance of chilomonads in the solution without appreciably affecting the 
number of chilomonads ingested by the amoebae, if they are left half an hour or longer. 

THE RELATION BETWEEN TEMPERATURE AND FREQUENCY OF INGESTION OF FOOD 

by Amoeba proteus and Amoeba dubia 

Observations were made on ingestion of chilomonads by A. proteus in Chalkley solu¬ 
tion, 3 and by . 4 . dubia in Hahnert (1932) solution, at temperatures of 5°, io°, 15°, 20°, 
25°, 30°, and 35° C. These observations were made as described in the preceding pages. 


TABLE 1 

The relation between abundance of food and frequency of ingestion 

BY Amoeba proteus (6 TO 10 AMOEBAE USED IN EACH TEST) 


Number or C&nauaNUK pee 

Average Number or Chujouonads Ingested 
by 6-10 Amoebae 

Numbers Ingested per 
Individual in 120 Min. 

Cubic Centimeter 

15 Min. 

30 Min. 

60 Min. 

120 Min. 

Lowest 

Number 

Highest 

Number 

600,000. 

12 

41 

36 

56 

57 

So 

63 

64 

96 

98 

300,000. 

0 

8l 


y 


Three sets of observations were made, two on A . proteus and one on A . dubia . The 
results obtained in the first set of observations on A. proteus and those obtained in 
observations on A . dubia are presented in Table 2 and Figure 1. Figure 1 shows, in 
these two sets of observations, that, as the temperature increased, the frequency of 
ingestion of chilomonads by - 4 . proteus and by A. dubia increased to a maximum at 
about 26° and then decreased to zero at 40°, but that the number ingested by A . proteus 
in 120 minutes decreased to a median minimum at 30°, and to a second maximum at 
35 0 , before it decreased to zero. Similar results were obtained in the second set of 
observations on A . proteus , but there was no median minimum. The median minimum 
obtained in the first set is therefore probably not significant. The results as a whole, 
show that frequency of ingestion in amoebae is closely correlated with temperature. 

Table 2 shows that at 25 0 an average of 63 chilomonads per amoeba were ingested 
in 120 minutes and that, of these, 26 were ingested during the first 15 minutes, 10 
during the next 15 minutes, 20 during the next 30 minutes, and only 7 during the last 
60 minutes.^ The frequency of ingestion therefore decreased from 1.73 chilomonads per 
minute during the first 15 minutes, when the amoebae contained from o to 25 chilo¬ 
monads each, to only 0.1 chilomonad per minute during the last 60 minutes, when they 
contained from 56 to 63 each. Table 2 shows also that similar results were obtained at 
S°> IO °j X S°? 20 °» 25°, and 30° C„ Similar results were also obtained in the second set of 

* Chalkley solution: 80 mg. NaCl, 4 mg. NaHCO* 4 mg. KC 1 , 4 mg. CaCl a , a mg. CaH 4 (PO*),, 
a mg. MgjCPO*)* 4ILO, and 1,000 cc. distilled water, Hahnert solution: 4 mg. NaHCOj, 4 mg. KC 1 , 
4 mg CaCla, a mg. CaH^CPO*}*, a mg. Mgj(PO A ) a 4HaO, and 1,000 cc. distilled water. 

[Physiological ZoOlooy 





















CONTROL OF INGESTION OF FOOD BY AMOEBA 


5 


tests with A . proteus and in the set of tests with . 4 . dubia. It is consequently evident 
that the frequency of ingestion varies inversely with the amount of food in the amoebae. 

TABLE 2 


The relation between temperature and the frequency of ingestion 

OF CHILOMOXADS BY Amoeba proteus 


TEMPERATURE IN 

Degrees 

C. 

Average Number of Chilouon\ds Ingested 
by 10 Amoebae 

Numbers Ingested per 
Individual in iso Min. 

15 Min. 

30 Min. 

60 Min. 

120 Min. 

! 

Lowest 

Number 

Highest 

Number 

5 . 

0 8 

O 6 


9 

4 

16 

10. 

1 I 

7 


13 

6 

25 

15. 

2 

IO 


43 

32 

S <5 

20. 

7 

19 


SO 

38 

bo 

25. 

26 

36 

S6 

63 

46 

72 

30 . 

2$ 

43 

So 

Si 

42 

65 

35 . 

13 

10 

43 

68 

46 

86 

40 . 

0 

0 

0 

0 

0 

0 



Fig. i. —The relation between temperaure and frequency of ingestion of chflomonads by Amoeba. 
number of chilomonads ingested in 15 minutes; (§), 30 minutes; (J, 60 minutes; iso minutes. 

Each point on the curves represents the average for 10 individuals. The extent of individual variation in 
A . proteus is presented in Table 2. The variation in A . dubia was practically the same. 

Table 2 shows that at 35° an average of 13 chilomonads were ingested during the 
first 15 minutes, none during the next 15 minutes, 33 during the next 30 minutes, and 2 5 
during the last 60 minutes, i.e., that the frequency of ingestion decreased from 0.86 
chilomonads per minute during the first 15 minutes to zero during the second, then in- 
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creased to i.io during the next 30 minutes, and then decreased to 0.41 during the last 
60 minutes. These results indicate that the frequency of ingestion at 35 0 is not closely 
correlated with the number of chilomonads in the amoebae. This is probably due to 
variations in attachment to the substratum, for the amoebae were fairly firmly attached 
during the first 13 minutes, when the frequency of ingestion was high, and only loosely 
during the second 15 minutes, when it was low, but were again fairly firmly attached 
after that, when it was again high. This indicates that the frequency of ingestion varies 
directly with the degree of attachment to the substratum, and that the increase in fre¬ 
quency after exposure of 30 minutes at 35° is due to adjustment, resulting in increase 
in the degree of attachment. 

Mast and Prosser (1932) maintain that, as the temperature increases, the rate of 
locomotion in A . proteus increases to a maximum at about 25°, then decreases to a 
median minimum at about 28°, then increases to a second maximum at about 30°, and 
then rapidly decreases to zero. Schwitalla (1925) obtained results in accord with these 
views. This indicates that rate of locomotion is correlated with temperature in much 
the same way as frequency of ingestion. 

THE RELATION BETWEEN HYDROGEN ION CONCENTRATION IN SOLUTIONS 
CONTANING SODIUM AS THE ONLY METALLIC CATION AND FREQUENCY 

or ingestion of food by Amoeba proteus 

The experiments described in this section were made with two series of solutions 
which consisted of NaHJ? 0 4 and NaOH in water. Each of the two series was prepared 
by mixing NaH a P 0 4 of a given molecular concentration with NaOH of the same molecular 
concentration in such proportions as to produce a series of hydrogen ion concentra¬ 
tions from pH 4.4 to 8.3. The concentration of the sodium was consequently the same 
in all the solutions in each of the two series. It was 0.002 N in one and 0.005 N in the 
other. To obtain hydrogen ion concentrations of pH 4.4, a small amount of 0.1 M HC 1 
was added. Observations were made as described in the preceding pages. The results 
obtained are presented in Table 3 and Figure 2. 

Figure 2 shows that, as the hydrogen ion concentration decreased, the frequency of 
ingestion of chilomonads by amoebae increased from zero at pH 4.4, nearly to a second¬ 
ary maximum at pH 5.0, then remained nearly constant to pH 5.5, then increased to a 
primary maximum between pH 6.0 and 6.5, then decreased to zero at pH 7.7-8.3. It 
shows that the rate of ingestion in the stronger solution of sodium was consistently much 
higher than in the weaker solution and that there was somewhat of a median minimum 
near pH 6.5 in both concentrations. 

Figure 2 indicates that frequency of ingestion is more closely correlated with the 
hydrogen ion concentration in the stronger than in the weaker solution, and that the 
maximum acidity at which ingestion occurred was the same in both concentrations but 
that the maximum alkalinity 4 at which it occurred was higher in the weaker than in the 
stronger solution. 

Table 3 columns 6 and 7, show that there was marked individual variation in the 
frequency of ingestion in the weaker solution but that the averages are consistent 
throughout. The variation in the stronger solution was essentially the same as in the 
weaker. 

4 “ Maximum alkalinity 11 is defined as the lowest hydrogen ion concentration in which ingestion 
occurs; and “maximum aridity, 11 as the highest in which it occurs. 
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TABLE 3 


THE RELATION BETWEEN FREQUENCY OF INGESTION OF CHILOMONADS BY Amoeba proleus 
AND HYDROGEN ION CONCENTRATION IN SOLUTIONS CONTAINING SODIUM AS THE 
ONLY METALLIC CATION (CONCENTRATION OF SODIUM, 0.002 N) 


Hydrogen Ion 
Concentration 
m pH Units 

Average Number or Chiiouonadb Ingested 
by 10 Amoebae 

Numbers Ingested per 
Individual in 120 Mure tes 

15 Min. 

i 

30 Mfn. 

60 Min. 

120 Min. 

Lowest 

Number 

Highest 

Number 

44 . 

0 

0 

0 

0 

0 

0 

4-7 . 

16 

31 

34 

43 

32 

$6 

SO . 

22 

34 

37 

S 3 

39 

68 

5 5 . 

21 

26 

36 

52 

35 

74 

6.0. 

23 

34 

44 

5 i 

23 

78 

63. 

20 

29 

47 

53 

35 

72 

6.6. 

18 

22 

33 

67 

53 

76 

7 *°. 

19 

23 

40 

47 

40 

58 

7-4 . 

21 

38 

49 

49 

20 

no 

7-8 . 

18 

29 

42 

50 

28 

70 

8.1. 

17 

19 

32 

44 

28 

65 

8-4 . 

0 

0 

0 

0 

0 

0 



Fig. 2. —The relation between frequency of ingestion of chflomonads by A. proteus and hydrogen ion 
concentration in solutions containing sodium as the only metallic cation. number ingested in 15 
minutes; (§), 30 minutes; (J, 60 minutes; 120 minutes. Each point on the curves represents the 
average for 10 individuals. Lowest and highest numbers of chilomonada ingested per individual in 120 
minutes is 32 and 56, respectively, at pH 4.7; 53 and 76 at pH 6.6, the optimum hydrogen ion concen¬ 
tration. Similar individual variations occurred in all the other tests. 
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THE REL VTION BETWEEN HYDROGEN ION CONCENTRATION IN SOLUTIONS 
CONTAINING POTASSIUM AS TTTE ONLY METALLIC CATION AND FRE¬ 
QUENCY of ingestion of food by -4 moeba proteus 

The methods used in making observations on the effect of potassium on frequency 
of ingestion of food by amoebae were the same as those used in observations on the 
effect of sodium. The results are presented in Figure 3. 

Figure 3 shows that as the hydrogen ion concentration increased the frequency of 
ingestion of chilomonads increased from zero at pH 4.4 to a ma xi mu m at pH 5.0 and 
then decreased nearly to zero, but that it decreased much more gradually in the weaker 
than in the stronger solution and that the maximum alkalinity was considerably higher 



Fio. 3.—The relation between frequency of ingestion of chilomonads by A. proteus and hydrogen 
ion concentration in solutions containing potassium as the only metallic cation number ingested in 
15 minutes; <§), 50 minutes; (J, 60 minutes; 120 minutes. Each point on the curves represents 
the average for 10 individuals. The individual variation was similar to that in solutions containing sodium 
in place of potassium. 

in the former than in the latter. It indicates that frequency of ingestion of food is more 
closely correlated with hydrogen ion concentration in the stronger than in the weaker 
solutions of potassium, as it is in solutions of sodium. 

It will be seen by comparing Figure 3 with Figure 2 that the results obtained with 
potassium are similar to those obtained with sodium—that in both, the alkaline limit 
for ingestion is more add in the stronger than in the weaker solution, but that at the 
optimum foj: frequency of ingestion, the solutions which contain potassium are more 
add than those which contain sodium, and that, as the concentration increased, fre¬ 
quency of ingestion decreased in the former and increased in the latter. 

THE RELATION BETWEEN HYDROGEN ION CONCENTRATION IN SOLUTIONS 
CONTAINING CALCIUM AS THE ONLY METALLIC CATION AND FRE¬ 
QUENCY of ingestion of food by Amoeba proteus 

The methods used in making observations on the effect of caldum on frequency of 
ingestion of food by amoebae were the same as those used in observations on the effect 
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of sodium, except that CaCl a was substituted for CaH 4 (P 0 4 )j in all solutions with hydro¬ 
gen ion concentrations lower than pH 6.4, because calcium is precipitated in these solu¬ 
tions if phosphates are present, and that the concentration of calcium in the two series 
of solutions was 0.001 M and 0.0025 M instead of 0.002 M and 0.005 M, and that the 
observations (owing to increase in hydrogen ion concentration in the alkaline solutions) 
were continued for only 30 minutes in place of 120 minutes. The results are presented 
in Figure 4. 

Figure 4 shows that, as the hydrogen ion concentration decreased, the frequency of 
ingestion of chilomonads gradually increased to a maximum approximately at pH 6.c, 
then remained constant until pH 7.0 was reached, then decreased until the close of the 
experiment at pH 8.0 but not to zero. 



Fig. 4. —The relation between frequency of ingestion of chilomonads by A. Proteus and hydrogen 
ion concentration in solutions containing calcium as the only metallic cation. Ordinates, number of 
chilomonads ingested; abscissae, hydrogen ion concentration in pH units; number ingested in 
IS minutes; (§), 30 minutes. Each point on the curves represents the average for 10 individuals. 

Figure 4 also shows that frequency of ingestion of chilomonads was about the same 
in the weaker and the stronger solutions of calcium, but that the frequency of ingestion 
at the alkaline limit was much higher in the weaker than in the stronger solution. 

It can be seen by comparing Figures 2 and 3 with Figure 4 that the effect of hydrogen 
ion concentration on frequency of ingestion in calcium solutions differs greatly from 
that in either sodium or potassium solutions, in that the frequency of ingestion is much 
higher in the add and much lower in the alkaline range in the former than in the latter. 

The results indicate that the effect of calrium differs qualitatively from either that 
of sodium or that of potassium. Pitts and Mast (1934) reached the same condusion in 
their study on the relations between hydrogen ion concentration in solutions of single 
salts and rate of locomotion of amoebae. 

THE RELATION BETWEEN HYDROGEN ION CONCENTRATION IN SOLUTIONS CONTAINING 
SODIUM AND CALCIUM IN DIFFERENT PROPORTIONS AND FREQUENCY 

of ingestion of food by Amoeba proteus 

The observations described in this section were made with two series of solutions 
which contained NaH*P 0 4 , NaOH, and CaCla in water. In both series, 0.005 M NaHa- 
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P 0 t and 0.005 U NaOH were mixed in various proportions so as to produce solutions 
which differed in hydrogen ion concentration as described above. To each solution of 
one series enough CaCL was added to make the concentration of calcium 0.001 M; and 
to each of the other series, enough to make the concentration of calcium 0.003 M. The 
calcium and the sodium concentrations of all the solutions were therefore the same in 
each series. The observations were made as described in the preceding p'lges. The 
results obtained are presented in Figure 5. 

Figure 5 shows that, as the hydrogen ion concentration decreased, frequency of 
ingestion increased to a maximum at about pH 6.2, then decreased to a median mini- 



Fig. 5.—The relation between frequency of ingestion of chilomonads by A. proteus and hydrogen ion 
concentration in solutions containing sodium and calcium. A, concentration of sodium (0.005 N), 
calcium (0.001 M); 5 , sodium (0.005 N)» calcium (0.003 M); ordinates, numbers of chilomonads in¬ 
gested; abscissae, hydrogen ion concentration in pH units; 0 , number ingested in 15 minutes; (§), 
30 minutes; 3 7 to minutes; 120 minutes. Each point on the curves represents the average for 10 

individuals. 

mum at approximately pH 7, and then decreased to zero at about pH 8.5. The figure 
shows that the median minimum is much more marked in the solution containing the 
higher concentration of calcium than that containing the lower concentration, and 
that the frequency of ingestion, in the alkaline range, was relatively much higher in 
the former than in the latter. 

By comparing Figure 5 with Figure 2, it will be seen that the addition of calcium 
0.001 M to solutions containing sodium 0.005 M bad little, if any effect on the frequency 
of ingestion in the stronger add solutions (pH 4*7“5.7) but that it caused considerable 
increase in frequency in the weaker add and the alkaline solutions (pH 6.2-8.0) with 
a shift in the maximum from pH 6.0 to 6.2, and that addition of calrinm 0.003 M 
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caused greater increase in frequency in the weaker acid and the alkaline solutions 
(pH S.7-8.2) and marked decrease in the stronger add solutions (pH 4.7-5.5). 

The results obtained in this study are similar to those obtained by Pitts and Mast 
(1934), who found that, as the hydrogen ion concentration increased, in solutions con¬ 
taining 0.005 N sodium and 0.001 M calcium, rate of locomotion increased from zero 
at pH 4.5 to a maximum at pH 5.9, then decreased to a median minimum at pH 7.0, 
then increased to a second maximum at pH 7.5 then, decreased again. Hopkins (1928), 
using modified Ringer solution, and Mast and Prosser (1932), using a solution contain¬ 
ing 0.005 N sodium and 0.002 M calcium, obtained similar results. This supports the 
conclusion reached in the preceding section, that frequency of ingestion of food and 
rate of locomotion are closely correlated. 

TABLE 4 


The effect of different concentrations of NaCl on frequency of 
INGESTION OF CHILOMONADS BY Amoeba proteuS 


1 

Molar Concen¬ 
tration or NaCl 

Average Number or Chilomonads Ingested 
by zo Amoebae 

Numbers Ingested per 
Individual in lao Minutes 

15 Min. 

30 Min. 

60 Min. 

iso Min. 

Lowest 

Number 

Highest 

Number 

0 0003. 

4 

26 

35 

58 

35 

73 

0.0008. 

37 

72 

106 

185 

*54 

250 

0.002. 

29 

55 

93 

118 

81 

163 

0.005. 

29 

57 

90 

IIO 

56 

225 

0.008. 

29 

45 

9 ° 

IOO 

62 

165 

0 01. 

IQ 

43 

86 

86 

65 

120 

0.02 . 

25 

33 

44 

55 

40 

82 

0 03. 

4 

7 

8 

10 

O 

30 


THE RELATION BETWEEN NaCl, KC 1 , MgCla, AND CaCl 3 IN DIFFERENT 
CONCENTRATIONS AND THE FREQUENCY OF INGESTION OF FOOD BY 

Amoeba proteus and A. diibia 

The experiments described in this section were made with different concentrations 
of the chlorides of sodium, potassium, magnesium, and calcium. The observations were 
made as described in the preceding pages. The results are presented in Table 4 and 
Figures 6 and 7. 

Figure 6 and Table 4 show that, as the concentration of NaCl increased from 0.0003 M, 
frequency of ingestion of chilomonads very rapidly increased to a maximum at 0.0008 M, 
then very gradually decreased nearly to zero at 0.03 M, and that at the optimum con¬ 
centration an average of 185 chilomonads were ingested by each amoeba in 120 minutes. 

Figure 6 also shows that the relation between frequency of ingestion and concentra¬ 
tion in solutions of KC 1 is similar to what it is in solutions of NaCl but that the range of 
concentrations over which ingestion occurs is very much shorter in the former than it 
is in the latter, and that frequency of ingestion is consistently lower throughout the 
range, the average mftYiTrmm frequency being 185 in 120 minutes in NaCl and only 90 
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Fig, 6 . —The effect of concentrations of salts on frequency of ingestion of chilomonadB by A. proieus. 
A , NaCl; B, KC1; ordinates, number of cbilomonads ingested; abscissae, molar concentration; 0, num¬ 
ber ingested in 15 minutes; (§), 30 minutes; (J, 60 minutes; 120 minutes. Each point on the 
curves represents the average for 10 individuals. 



concentration 


Flo. 7 ,—The effect of different concentrations of salts on frequency of ingestion of cbilomonads by 
A. proteus. A t MgCb; £, CaCL; ordinates, number of cbilomonads ingested; abscissae, molar concen¬ 
tration; 0> number ingested in 15 minutes; (§), 30 minutes; 60 minutes; iso minutes. 
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in KC 1 . The results consequently show that potassium solutions are much less favorable 
for ingestion than sodium solutions. 

These results agree with those obtained by Mast and Prosser (1932) in their study 
of amoeboid locomotion in different concentrations of KC 1 . They found that it is ex¬ 
tremely difficult to obtain active amoebae in any concentration of KC 1 , except 0.001 N, 
and that in this concentration locomotion continued only a short time. Heilbrunn and 
Daugherty (1932) contend that potassium has strong liquefying action on the plasmagel 
of amoebae and that it is consequently highly toxic. 

Figure 7 shows that, as the concentration of MgCl 3 increased from 0,0001 M, fre¬ 
quency of ingestion increased to a maximum at 0.0005 M and then decreased to zero 
at 0.005 M. It also shows that the relation between frequency of ingestion and con¬ 
centration in solutions of CaCl a is similar to what it is in solutions of MgCla, but that 
in the lowest concentration used, it is much higher in CaCl 2 than in MgCl a and at 
optimum concentration somewhat higher in MgCl a than in CaCl a . 

The results presented in Figures 6 and 7 show that the optimum concentration for 
ingestion of chilomonads by amoebae is at 0.0008 M for NaCl and KC 1 , at 0.0005 for 
MgCl a , and probably somewhat lower for CaCl a The results show also that the maxi¬ 
mum frequency of ingestion is highest in NaCl solutions (185), lower in MgCla (in), 
still lower in CaCl a (91), and lowest in KC 1 (90); that the maximum concentration in 
which ingestion occurs is highest in NaCl (0.03 M), much lower in KC 1 (0.01 M), and 
still lower in MgCl a and CaCl a (0.005 M); and that the minimum concentration in which 
ingestion occurs is much lower in MgCla and CaCl a (0.0001 M), than in NaCl and KC 1 
(0.0003 M). They show, moreover, that the range of concentration over which ingestion 
occurs is much greater in NaCl (0.03 M) than in KC 1 (0.01 M), and much greater in 
KC1 than in MgCla and CaCl fl (0.005 M), i.e., that it is more than six times as great in 
NaCl as in MgCl a or CaCl a , and about three times as great as in KCL 

The facts that the frequency of ingestion at optimum concentration is approximately 
twice as high in NaCl as it is in KC 1 , MgCl a or CaCla, and that the range of concentra¬ 
tions over which ingestion occurs is approximately six times as great in NaCl as it is in 
MgCl a or CaCl 3 and approximately three times as great as it is in KC 1 , show that inges¬ 
tion is not specifically correlated with any of the properties common to all these salts— 
as, for example, osmosis. 

THE RELATION BETWEEN OSMOTIC CONCENTRATION AND FREQUENCY OF 

ingestion of chilomonads by Amoeba proteus and A. dubia 

Observations on frequency of ingestion by A . proteus and A. dubia were made in 
lactose solution, Chalkley solution (see p. 4), Hahnert solution, and Hahnert solution 
containing various quantities of lactose. The results are presented in Table 5 and 
Figure 8. 

Table 5 shows that in A . dubia the frequency of ingestion was zero in lactose solu¬ 
tions of all concentrations tested, that it was much higher in Chalkley solution than in 
Hahnert solution, that addition of lactose to Hahnert solution caused marked increase 
in frequency of ingestion, and that, as the concentration of lactose increases, the fre¬ 
quency increases to a maximum and then decreases. 

Figure 8 shows that the results obtained with A. proteus are essentially the same as 
those obtained with A . dubia , but that the frequency of ingestion was very much lower, 
the maximum in 2 hours being more than 400 for the former and only 99 for the latter. 
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TABLE 5 


The relation between frequency of ingestion of chilomonads 

BY A moebd dubia AND OSMOTIC PRESSURE 


Molar Concentration or 
Solution Used 

Average Number or Chilouonvds 
Ingested by 10 Amoebae 

Numbers per Indi¬ 
vidual Inokstkd in 
120 Minutes 

15 Min. 

30 Min. 

60 Min. 

130 Min. 

Lowest 

Number 

Highest 

Number 


O 

O 

mm 

0 




O 

0 


0 



n nnT M lnrt/wp . . 

O 

O 

- tt 

0 



0 002 M lactose - - 

O 

O 

M 

0 



0 nno M lflrtfMA 

0 

0 

■i 

0 



0 035 M lactose . 

O 

0 


0 



Chalkley solution. 

71 

137 

m 

374 

358 

396 

Hahnert solution. 

34 

72 

■ffS 

193 

172 

315 

Hahnert solution plus 0.03 M lactose. 

54 

123 

171 

263 

240 

335 

Hahnert solution plus 0.05 M lactose. 

60 

150 

232 

336 

375 

405 

Hahnert solution plus 0.07 M lactose. 

1 si 

68 

153 

169 

zoo 

270 



Fib. 8 . —The relation between frequency of ingestion of chilomonads by A. proteus and osmotic pres¬ 
sure. Ordinates, nymber of chilomonads ingested; abscissae, molar concentration of solutions; num¬ 
ber of chflomonads ingested in 15 minutes; 30 minutes; 3 . 60 minutes; iso minutes. Each 
point on the curves represents the average for 10 individuals. 


[Physiological ZoOlogy 































CONTROL OF INGESTION OF FOOD BY AMOEBA 15 

The fact that the frequency of ingestion was higher in Hahnert solution plus lactose 
than in Hahnert solution indicates that ingestion is correlated with osmotic concentra¬ 
tion. The fact that it was zero in lactose solutions and higher in Chalkley solution than 
in Hahnert solution plus lactose (0.03 M), which was osmotically equal to Chalkley 
solution, indicates that the effect of salts on ingestion is not entirely due to their os¬ 
motic action. The marked difference in the frequency of ingestion in Chalkley and 
Hahnert solutions is doubtless due to the fact that the former contains NaCl and the 
latter does not. 


DISCUSSION 

Mast made a thorough study of the effect of salts, nonelectrolytes, and hydrogen 
ion concentration on attachment of A. proteus to the substratum. He maintains that 
nonelectrolytes have no effect on attachment, but that all salts greatly facilitate it 
and that this is not closely correlated with their concentration or the hydrogen ion con¬ 
centration of the solutions. He says (1929, p. 375): 

All the sails tested (17 in number) greatly decrease the time required for attachment and in¬ 
crease the firmness of attachment. All have the same effect but not in the same concentration 

The effect of Nad and KC 1 increases very gradually from N/20 to a maximum at about 
N/100, after which it decreases very gradually until about N/1000 is reached and then very 
rapidly. The effect of CaCL increases rapidly from N/20 to about N/60 then slowly to a maxi¬ 
mum at about N/200; after which it decreases very slowly until about N/40,000 is reached and 
then very rapidly. There is very little difference in the effect on attachment of NaCl and KC 1 
in concentrations ranging from N/40 to N/800 and of CaCl 3 in concentrations ranging from 
N/80 to N/4o } ooo. The effect of CaCL is considerably less than that of NaCl and KQ in the 
stronger and much greater in the weaker solutions tested. All three salts, however, still have a 
definite effect in the weakest solution tested, N/100,000. 

The optimum hydrogen ion concentration for attachment in balanced solution appears to 
be between pH 6.6 and 7; but there is remarkably little difference over a very wide range, i.e. from 
pH 4.6 to 8.2. 

He found no indication whatever of a median minimum at neutrality. 

By comparing these results with those presented in the preceding pages, it is at once 
evident that, while the effect of nonelectrolytes on attachment seems to be the same 
as it is on ingestion, the effects of salts and hydrogen ions on ingestion differ greatly 
from their effects on attachment, and that this is particularly striking in reference to a 
hydrogen ion concentration of pH 7, in which ingestion was found to be maximum and 
attachment minimum. 

This strongly indicates that, while ingestion is doubtless dependent upon attachment, 
in accord with the views of Mast and Hahnert (193s), these two phenomena are not 
closely correlated. 

We have demonstrated that the relations between temperature, properties and con¬ 
centration of salts, and hydrogen ion concentration and frequency of ingestion of food 
by Amoeba are essentially the same as the relation between these environmental factors 
and the rate of locomotion. This indicates that the factors which control ingestion are 
fundamentally the same as those which control locomotion. 

Pitts and Mast (1934) considered in some detail the mode of action of environmental 
factors in controlling locomotion. They accounted for some phases of the phenomena 
involved; but they could give no consistent explanation of the relation between hydro- 
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gen. ion concentration and rate of locomotion in balanced salt solution, especially the 
extraordinary reduction in rate at neutrality. 

We have no suggestions to offer concerning the mode of action of environmental 
factors in controlling ingestion except that it probably is essentially the same as it is 
in reference to locomotion, and we have nothing of value to add to the discussion of 
Pitts and Mast concerning this. 

The results presented demonstrate clearly that in optimum concentration sodium is 
much more favorable for ingestion than potassium, calcium, or magnesium. We have 
no suggestions concerning the causes of this. 

SUMMARY 

1. A quantitative method was devised and used in studying the frequency of ingestion 
of food by amoebae. 

2. Frequency of ingestion varies inversely with the amount of food in the amoebae, 
but there can be large variations in the abundance of food in the surrounding medium 
without appreciably affecting frequency of ingestion. 

3. As the temperature increases, frequency of ingestion increases from zero at o° C 
to a maximum at 25°, and then decreases to zero at about 40°. There is some evidence 
of a median minimum at 30°. 

4. As the hydrogen ion concentration decreases in solutions in which sodium is the 
only metallic cation, frequency of ingestion increases from zero at pH 4.4 to a maximum 
at approximately pH 6.o, then decreases to zero at pH 7,6 to 8.3. There is strong indica¬ 
tion of a median minimum between pH 6.5 and 7.0. The results indicate that in solutions 
in which the concentration of sodium is 0.005 N, frequency of ingestion is closely cor¬ 
related with the hydrogen, ion concentration, but not in solutions in which the concentra¬ 
tion of sodium is 0.002 N. 

5. The relation between hydrogen ion concentration and frequency of ingestion in 
solutions in which potassium is the only metallic cation is similar to that in solutions 
in which sodium is the only metallic cation, but the range over which ingestion occurs 
is much shorter and the frequency of ingestion is much lower. 

6. In solutions in which calcium is the only metallic cation, frequency of ingestion 
increases from about 0.9 chilomonads per minute at pH 4.7 to a maximum of 1.8 chilo- 
monads per minute at approximately pH 6.5, then decreases very slowly until pH 8.0 
is reached, and then drops rapidly to zero. 

7. In solutions in which sodium and calcium are the only metallic cations, frequency 
of ingestion increases very rapidly from zero at pH 4.5, to a maximum at pH 6.2 then 
decreases to a marked median minimum at pH 7.0, then increases to a secondary maxi¬ 
mum approximately at pH 7.7, then decreases nearly to zero at pH 8.4. The median 
minimum and the secondary maximum in the alkaline region of the range are much 
more pronounced in solutions containing Na 0.005 N and Ca 0.003 M than in solutions 
containing Na 0.005 N and Ca 0.001 M. 

8. In solutions of NaCl, as the concentration increased, frequency of ingestion in¬ 
creased very rapidly from about 0.49 chilomonads per minute at 0,0003 M, to a maxim um 
of 1.54 chilomonads per minute at 0.0008 M, and then decreased slowly to zero at 0.03 M. 

9. The relation between concentration and frequency of ingestion in solutions of KC 1 
is essentially the same as in solutions of NaCl; but the frequency of ingestion is much 
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lower, and the range over which ingestion occurs is only about one-third as long, the 
maximum concentration being 0.03 M in the one and only 0.01 M in the other. 

10. In solutions of MgCl a , as the concentration increases, the frequency of ingestion 
increases rapidly from 0.59 chilomonads per minute at 0.0001 M, to a maximum of 0.83 
chilomonads at 0.0005 M, and then decreases gradually to zero at 0.005 M. 

11. The relation between concentration and frequency of ingestion in solutions of 
CaCb is essentially the same as in solutions of MgCla except that frequency in the 
lowest concentration tested is considerably higher. 

12. The range of concentration over which ingestion occurs in solutions of MgCla 
or CaCla is only about one-sixth as long as that over which it occurs in solutions of NaCl. 
The cause of this difference is not dear. 

13. The relation between temperature, salts, and hydrogen ion concentration and 
the frequency of ingestion of food is essentially the same as the relation between these 
environmental factors and rate of locomotion. Frequency of ingestion and rate of loco¬ 
motion are therefore dosely correlated. 

14. Frequency of ingestion of chilomonads by A . proteus and A. dubia is zero in 
solutions of lactose in all concentrations, but is it higher in Hahnert solution plus lactose 
than in Hahnert solution without lactose. This indicates that osmosis is involved in 
feeding. 

15. The frequency of ingestion is much higher in Chalkley solution than in Hahnert 
solution plus lactose 0.003 M (osmotically equal to Chalkley solution). This is doubtless 
due to the fact that the former contains NaCl and the latter does not. 

16. The frequency of ingestion is much higher in A. dubia than in A. proteus. The 
maximum number ingested by an individual of the former was 100 in 15 minutes, 195 
in 30 minutes, 366 in 60 minutes, and 405 in 120 minutes; and by one of the latter, only 
48 in 15 minutes, 95 in 30 minutes, 130 in 60 minutes, and 250 in 120 minutes. 
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THE EFFECT OF CHEMICALS AND TEMPERATURE ON REVERSAL 
IN CILIARY ACTION IN PARAMECIUM* 

(One figure) 

JOSEPH F. OUPHANT 
Stanford University 

R EVERSAL in direction of the effective stroke of the cilia is very common in the 
protozoa and occurs frequently in the metazoa, but only certain phases of it 
L have been adequately investigated, and few attempts have been made to ascer¬ 
tain the physiological and environmental factors involved in the phenomenon. 

Jennings (18990) found that a variety of stimuli (chemical, mechanical, electrical, 
and thermal) cause Paramecium momentarily to reverse its direction of locomotion. 
He further noted (1899, p. 34) that in paramecia put into a 1 per cent solution of KI 
the action of the cilia reverses for 6-8 minutes. 

Parker (1896,1905a, 19056) found the action of the cilia on the oral disk of Metridium 
marginatum reverses in response to dilute crab-meat juice, a sea-water extract of rubber, 
2,3, 4, and 5 per cent solutions of KC 1 in sea water, a 5/8 M solution of NaCl contain¬ 
ing M/15 or M/30 creatin, to peptone or deutero-albumine, and asparaginic acid. He 
did not obtain reversal using NaCl alone, LiCl, NHC 1 , NaNO„ a number of sugars, 
urea, creatinine, or chemically inert substances such as bits of filter paper or sand. Be¬ 
fore he had worked with organic compounds other than crab-meat juice, he said (1905a, 
p. 13): “Reversal is due to potassium ions or to some organic combination containing 
potassium ions.” After having observed the effects of various organic compounds, he 
modified these statements and said (19056, p. 5): “The reversal.... is due cheifiy to 
molecular action, though potassium ions if sufficiently concentrated will cause reversal.” 

Merlon (1923) obtained reversal of ciliary action in Stentor coeruleus in solutions 
containing Na and K ions but did not obtain reversal in solutions of CaCl a , MgS 0 4 , 
and MgClj. He suggested that the reversal is due to the Na and K ions and concluded 
(P- 13): 

Wenn der Zusatz von K Oder Na Jonien eine Umkehr der Plimraerbewegung hervorruft, so 
bestehl die Mtiglichkeit, das unter naturlichen Bedingungen diese Ionien selbst in dem Stentor 
wirksam sind. Es kann aber auch und das ist wahrscbleinlicher ein unbekannter Stuff diese 
Reaktion hervorrufen und nur im Versuch durch diese Kationen ersetzt werden. 

Merton (1935) found in further studies with Stentor that a number of salts of K, Na, 
Rb, Ce, and NH 4 induce reversal in the action of the cflia. Reversal, however, was not 
obtained with calcium salts. He says that reversal results from some specific action of 
the alkali metals, though he does not say what the specific action is. 

Mast and Nadler (1926) investigated the relation between fifty-six different chemicals 
in the environment and reversal in ciliary action in Paramecium caudatum . By observing 
the direction of locomotion, they ascertained qualitatively the effect of the chemicals 

1 Contribution from the Zoological Laboratory, Johns Hopkins University. The author wishes to 
acknowledge his indebtedness to Professor S. 0 . Mast for valuable suggestions concerning the experi¬ 
ments and for valuable assistance in the preparation of the manuscript. 
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in inducing reversal. They found that all the univalent salts and hydrates tested induce 
reversal except (NH 4 ) 2 S 0 4 and (NH 4 )C 2 H 3 0 2 but none of the bivalent and trivalcnt 
cation salts and hydrates except CaHP 0 4 , MgHP 0 4 and Ba(OH) a . Polyvalent cation 
salts were found to neutralize the effect of monovalent cation salts. They conclude 
(p. 117): “Ciliary reversal is associated with differential absorption of cations and sub¬ 
sequent changes in electrical potential, but there are also other factors involved.” 

Eisenberg-Hamburg (1932) reported a Ruckwtirtebewegungreaklion when Paramecium 
is introduced into solutions of salts of Sr, Rb, and Ce. She maintains that this reaction 
consists of a series of backward and forward movements extending over considerable 
periods of time and that the reversed phase is in each instance of very short duration. 
The reaction was also obtained, though not in such a characteristic manner, in Ba salts 
but was not obtained in Mg, Ca, Cd, Na, K, and Fe salts. Similar results were obtained 
with Colpidium, Stentor , and Spirostomum. She concludes (p. 123): “Die Rttckwiirls- 
bewegungreaktion bildet somit eine Reflexbewegung des normalen Infusors, hervor- 
gerufen durch die Anwesenheit des Sr Kations [and by inference other cations] dessen 
chemisch-physikalischen Wirkung aller Wahrscheinlichkeit nach die KoUoide der Zellc 
angreift.” 

It is the object of the present investigation to ascertain more precisely the relation 
between monovalent cation salts in the environment and reversal in the effective beat 
of cilia with the view of throwing light on the physiological factors involved in ciliary 
reversal. 


MATERIALS Aim METHODS 

For this investigation Paramecium midtimicronucleaium was chosen owing to its size 
and the readiness with which it lends itself to culture and experimentation. The speci¬ 
mens used were all obtained from a clone cultured as follows: 7 gr. of timothy hay in 
a liter of Chattolanee spring water were heated and kept at the boiling-point for 3 min¬ 
utes; then 200 cc. of this infusion were poured into each of five Erlcnmeyer flasks, which 
were then stoppered with cotton plugs and left 12 hours, after which 5 cc, of old in¬ 
fusion containing parameda were added to each flask. New cultures were prepared 
each week, and no culture was used for experimentation until after it had stood for a 
week. By this time the hydrogen-ion concentration of the culture was pH 6.9 ± o.t. 
The temperature of the room in which the cultures were grown varied between 21° and 
23 C., inclusive. By this method animals in nearly the same physiological condition 
were obtained for the experiments. 

The chemicals used were Kahlbaum’s “pro-analyse” and Merck’s blue-label Reagent. 
The chemical solutions were made with Chattolanee spring water. 'Ibis spring water 
was found to be more favorable than any other solution used. Distilled water has been 
used by other investigators, but it is not as satisfactory as spring water, for, when 
faramectwnis transferred from a culture medium to distilled water, action of the cilia 
is reversed. It is therefore necessary to acclimatize specimens to distilled water before 
making tests of effects of chemicals. This acclimatization must be done by gradual 
dilution over a period of ra hours or more and even then there are not infrequently pro¬ 
duced ruptures of the ectosarc by the entrance of water. 

Merton (1935) used tap water in his studies on Stenior. In preliminary experiments 

but that few of them are satisfactory because of great seasonal variation in content. 
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Chaltolanee spring water is obtained from covered springs, and chemical analyses 
show that its variation in total salt content throughout the year is only about i milligram 
per cent. 3 It tends to act as a natural buffer, and it has no appreciable effect on Para¬ 
mecium. Thoroughly washed specimens live in it for as long as io days. 

In making the tests, parameda were first thoroughly washed in spring water, trans¬ 
ferred to pure spring water, and left for an hour before being used for experimentation. 
To ascertain the effects of chemicals on ciliary reversal, 2.5 cc. of solution to be tested 
were put into a Columbia pyrex glass culture dish on the stage of a dissecting binocular 
microscope. One of the washed parameda was taken up in a capillary pipette, care 
being exerdsed to take as little water as possible, and dropped into the test solution. 
The specimen was then observed continuously until reversed action of the cilia ceased 
and the duration of reversal measured with a stop watch. This was repeated with other 
specimens as often as was desired. 

Numerous experiments by various investigators demonstrate that reversal in the 
action of the cilia in Paramecium is sometimes confined to localized regions of the body. 
In all the experiments presented here ciliary reversal was only recorded as having oc¬ 
curred if the specimens actually swam backward for a time measurable with a stop watch. 

The method described above was slightly modified in some experiments as indicated 
in the following pages. 

RELATION BETWEEN CONCENTRATION OE MONOVALENT CATION SALTS AND 
REVERSAL IN CILIARY ACTION 

The time of backward swimming was ascertained for ten specimens in each of a series 
of concentrations of the chlorides, iodides, and bromides of sodium, potassium, lithium, 
and ammonium. The hydrogen-ion concentration of the chemical solutions used was 
pH 7.4 ± 0.1, that of the culture medium from which the organisms were taken pH 
6.9 ± 0.1, and that of the wash solution to which the specimens were adapted pH 7.4. 
The temperature varied between 21 0 and 23°C. 

In molar solutions in NH 4 Br, NH 4 C 1 , and NH 4 I the specimens died immediately 
without reversal, while in all the other salts they died in 1-2 seconds and swam back¬ 
ward continuously. In M/5 and M/10 NH 4 I death was immediate, and there was no 
reversal. In M/5 and M/10 Lil and LiBr death occurred in about 10 seconds, and the 
parameda swam backward continuously. In M/5 concentrations of the other sats 
death occurred in 2-8 minutes, and there was an initial period of reversed ciliary action 
which was followed by momentary recovery and normal forward movement after which 
there were repeated reversals and recoveries until death. In M/5 NaBr, for example, 
the animals swam backward 9.45 ± seconds then forward 3-5 seconds then backward 
o. 5-1.0 seconds then forward 1-3 seconds and then continued to reverse at this fre¬ 
quency about 2-3.5 minutes, i.e., until they died, which usually, but not always, occurred 
in a reversed phase of about 30 seconds’ duration. This type of behavior occurred in the 
other sodium salts and in M/5 and M/10 LiCl. In higher concentrations the animals, 
immediately before they died, revolved in a plane about the posterior end without 
rotating on the longitudinal axis. In other concentrations of all salts tested the initial 
resumption of forward movement was seldom followed by subsequent reversals. Re- 

* Composition of Chaltolanee spring water in grams of salt per liter; NaCl, 0.0034; Na,C 0 4 ; 
0.00013; KaS 0 4 , 0.0017; CaS 0 4 , 0.00007; MgCOi, 0.020; CaCO,, 0.052; silica, 0.0092; oxides of Fe and 
Al, 0.00066. 
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covery from a reversed condition in these concentrations was always preceded by a type 
of behavior in which the anterior end of the animal moved in a great circle while the 
posterior end moved in a small circle. Forward movement in recovered specimens was 
a little slower than in animals not subjected to the action of a chemical. 

In M/400 of all the salts tested except those of ammonium there was a pronounced 
motor response accompanied by momentary reversal of such short duration that it 
could not be measured with a stop watch. In M/1,000 of the various salts except those 
of nmmnnnim paramecia gave a slight motor response, but in no instance was there 
anything that could be considered true ciliary reversal. Similar results were obtained 
in ammonium salts M/50-M/150. 

The results of one complete series of experiments are summarized in Table x and 
Figure 1. The table and figure show that in solutions of chlorides, iodides, and bromides 
of sodium, po tassi um, lithium, and ammonium duration of reversed ciliary action varies 
directly with concentration of the salt and that the order of effectiveness of the mono¬ 
valent cations in inducing ciliary reversal is K > Li > Na > NH 4 . A typical series of 
readings fr om which the average duration of reversal was computed, the one obtained 
in M/10 NaCl, the first salt in the table, follows: 11.1,10.8,11.2,12.5,11.9,12.0,10.5, 
io.t, 8.4, and 9.6 seconds. The variation in individual readings was somewhat greater 
in bromides and iodides of potassium and lithium. This is shown typically by the 
results obtained with M/10 KBr which are 28.2, 32.5, 28.8, 27.6, 27.9, 27.1, 44.3, 25.6, 
37.5, and 36.1 seconds. These series indicate considerable variation; however, in columns 
4, 5, and 6 of the table it iB revealed that the standard deviation is small in comparison 
with the average time of reversed ciliary action and that the probable error is very 
small, rarely exceeding 6 per cent. The standard deviation and percentage of probable 
error are greatest in the iodides, less in the bromides, and least in the chlorides. The 
reason for this variation is not dear. 

All the experiments summarized in Table x and Figure 1 were repealed twice, and 
the results obtained are qualitatively and quantitatively in agreement with those pre¬ 
sented. 

The condusions of these experiments are in accord with the condusion of Eiscnberg- 
Hamburg (1932) that the RUchvtirtsbewegwgreaktion is greater, the greater the con¬ 
centration of the salt inducing it, and they are supported by the results obtained by 
Merton (1935) on Stentor, which indicate that duration of reversal varies directly with 
concentration; but they are not in accord with the results obtained by Mast and Nadlcr 
on observations on P. caudatum. They say (1926, p. 116): 

The duration of reversed action varies with the kind of salt and with the concentration. In 
KC 1 as the concentration decreases, the duration of this action increases from zero at M/10 
to a m a ximum of about 40 seconds at M/750, then decreases to zero at M/2000. In NaG it in¬ 
creases from zero at M to a maximum of about 14 seconds at M/500, then decreases to zero at 
M/2200. In NH,a it i n c r eases from zero at M/50 to a rrummum of about xo seconds at 
M/1000, then decreases to zero at M/2200. In LiCl it increases very rapidly from zero at M/5 
to a maximum of about 55 seconds at M/xo, then decreases slowly to 2ero at M/2000. 

The results presented above are obviously not in accord with these claims, for they 
show that in solutions of KC1, LiCl, and NH4CI duration of reversed ciliary action 
varied directly with concentration and that no reversal in ciliary action was obtained in 
concentrations between M/500 and M/750, the optimum for reversal found by Mast 
and Nadler. 
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TABLE 1 

Relation between duration of reversed ciliary action in Paramecium 
AND CONCENTRATION OF MONOVALENT CATION SALT INDUCING REVERSAL 

“Average,” time of reversal for ten specimens; S.D., standard deviation; P.E., probable error; per¬ 
centage P.E., percentage probable error of the average duration of reversal. 


NaCl 


KC 1 


LiCl 


NH4CI 


NaBr 


Or, 


LiBr 


NH*Br 


Nal.. 
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TABLE 1— Continued 


Salt 

Concentration 

Average 

S.D. 

P.E. 

Percentage P.E. 



fM/xo 

53-36 

14-37 

306 

5-7 



M/20 

49.9a 

IS-26 

3 24 

6.4 

KI. 


M/so 

12.57 

3-46 

0.73 

5.7 



M/100 

4 16 

1.02 

0 21 

5 0 



M/200 

1.00 

Not ca 

culaled 




fM/io 

14.09 

3-95 

0.84 

5.2 



M/20 

13 95 

4 25 

0 90 

6.4 

Lil . 


M/so 

6.03 

1 95 

0.41 

6.8 



M/100 

4-43 

1.70 

0.36 

8.1 



M/200 

1.00 


culated 




fM/ro 

Del 

ith without rev© 

1 

rsal 




M/20 

5 35 

1-35 

0.24 

44 

NH4I. 


M/so 

8.22 

1-03 

0.21 

3-2 



M/100 

6.49 

0.97 

0.20 

3 -o 



M/200 

? 





The differences in results of the two investigations may have been due to differences 
in physiological states of the organisms traceable to conditions in the infusions in which 
they were grown and to adaptation to different wash solutions. Mast and Nadler used 
P. caudatum adapted to distilled water. The hydrogen-ion concentrations were not con¬ 
trolled, and the temperatures are not given. The differences are not due to the fact that 
different species were used, for in tests of P. caudatum in KI, KC 1 , and KBr under 
conditions of the present investigation results were obtained which are essentially the 
same as those obtained with P. multimicronudeatum. 

THE ROLE OE ANIONS IN CILIARY REVERSAL 

The possible role of the anions used in the present experiments was considered. When 
the data presented in Table i are compared, it is found that the difference in effect 
produced by like concentrations of chloride, bromide, and iodide having the same cation 
is in all instances slight, and it is impossible to recognize a consistent order in which 
these anions affect ciliary reversal. 

To investigate further the possible role of anions, the effect of some bivalent cation 
salts was tested. Calcium and magnesium were used because they are closely related 
chemically to the alkali metals, whose salts induce reversal, and they are among the 
more abundant bivalent cations found in and having pronounced effects upon various 
types of protoplasm. Chlorides, bromides, and iodides of calcium and magnesium were 
tested from M/1 to M/20,000. In concentrations from those not immediately lethal 
about M/250 up to M/2,500 of each salt various types of motor reactions were ob¬ 
served, but in no instance was there anything that could be considered true ciliary 
reversal. These experiments indicate that calcium and magnesium ions do not induce 
reversal in ciliary action in Paramecium and that chlorine, bromine, and iodine ions 
do not induce reversal and that their action in reversal is quantitative. No other anions 
were investigated. However, Merton (1935) in experiments on Stentor presents evidence 
which indicates that some salts of potassium are more effective in inducing ciliary re¬ 
versal than others. He lists the anions used above in the order Cl > I > Br. 

(Physiological Zoology 
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THE EFFECT OF ADAPTATION ON CILIARY REVERSAL INDUCED BY SOLUTIONS 
OF MONOVALENT CATION SALTS 

The question whether ciliary reversal in Paramecium is dependent on the absolute 
concentration of monovalent cation salt in the environment or upon rate of change 
(increase) in concentration has a direct bearing on adaptation. It was investigated as 
follows: Numerous paramecia were thoroughly washed in spring water; then 6 cc. of 
solution containing washed paramecia were added to 6 cc. of a monovalent cation salt 
solution M/20 in a 25 cc. stender dish. The dish was then covered and left for 18 hours. 
These paramecia and others which were washed but had not been in the salt solution 
were then tested for reversal in ciliary action in a number of concentrations of the salt 
to which the experimental animals had been-exposed. This experiment was repeated 
with the chlorides, iodides, and bromides of sodium, lithium, and potassium. Care was 
exercised to adapt approximately the same number of organisms in each experiment. 

It was found that Paramecium becomes adapted (no longer swims backward) to M/40 
solutions of all salts tested in less than 18 hours, otherwise the adapted paramecia be¬ 
haved essentially like those which were not adapted; however, the behavior was not 
the same in all salts. The paramecia adapted to lithium and potassium salts moved 
slightly slower and were darker and much more vacuolated than the controls. A micro¬ 
scopic examination revealed an apparent increase in protoplasmic consistency, and there 
was evidence of slight plasmolysis. Specimens adapted to sodium salts behaved more 
nearly like the controls; however, they were darker in appearance and more vacuolated. 
No difference could be detected between paramecia adapted to chlorides, iodides, and 
bromides having the same cation. After paramecia had remained two days and longer 
in lithium and potassium salts, movement was accompanied by active changes in shape, 
was very slow in comparison with controls, and reversals in the direction of rotation on 
the longitudinal axis increased. The paramecia in lithium salts died first, then those in 
potassium salts, then those in sodium salts. The order in which the cations produce 
death therefore seems to be in no way correlated with the order in which they induce 
reversal in ciliary action. Observations were not made at sufficiently frequent intervals 
to ascertain the order of the anions. 

The rate of reversed beat of the cilia was observed to differ in the different salts, but 
no actual measurements were made. However, it could be seen that it was greatest 
in lithium, less in potassium, and least in sodium salts. This is not in accord with the 
order of effectiveness of these cations in inducing ciliary reversal, but it is in accord 
with the order in which they produce death. 

Some of the results of the experiments are presented in Table 2. This table shows 
that in paramecia adapted to a M/40 solution of a given monovalent cation salt ciliary 
reversal does not occur in lower concentrations (M/so and M/100) but does occur in 
higher concentrations (M/20, M/10, and M/s). It shows further that in paramecia 
not adapted to a given monovalent cation salt ciliary reversal occurs in all concentrations 
from M/100 to M/5 and that the duration of reversed ciliary action in a given salt 
concentration is greater in nonadapted than in adapted specimens. These facts show 
that it is the rate of change (increase) and not absolute concentration of monovalent 
cation salt in the environment that induces reversal in the action of the cilia . 

THE EFFECT OF TEMPERATURE ON CILIARY REVERSAL 

Strasburger (1878) found that swarm spores which are photopositive in a given light 
intensity at i6°-i8° C. become negative when the temperature is decreased to 4 0 C. 
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and more strongly positive when it is increased 1035° C. Massart (1891) obtained sim¬ 
ilar results in observations on Chrotmdina and Mast (19x1) in observations on Euglena , 
Chlamydomonas , Tracketotnonas, Chlorogonium , and Volvox; but no observations have 
been made on the effect of change in temperature on reversal in ciliary action. 

In making this investigation, the temperature was controlled within 0.5 0 C. by means 
of temperature chambers on the stage of a low-power binocular microscope (Pitts, 1932). 
In making the tests, paramecia were thoroughly washed and then left hours in spring 
water at a given temperature in a temperature chamber on the stage of a binocular 
microscope. One individual was then taken up in a capillary pipette and put into 5 cc. 
of solution to be tested (in another temperature chamber on the stage of another micro- 

TABLE 2 


Effect of adaptation to salt on duration of reversed ciliary action in Paramecium. 

Each number in the table is the average of the duration in seconds of reversal for ten specimens 
Ins. indicates reversal too Bhort in duration to be measured with a stop watch. 


Concentration 

Average Duration in Seconds or Reversed Ciliary Action 

1 

Nal 

NaBr 

NaCl 

Lil 

l 

LiBr 

LICl 

KI 

KBr 

KC1 


Paramecia adopted to M/40 Salt Solutions 

M/ioo. 

0.00 

0.00 

0.00 

0.00 

0.00 

0 00 

0 00 

0.00 

0 00 

M/so. 

0.00 

0.00 

0.00 

0 00 

0 00 

0.00 

0 00 

0.00 

0.00 

M/20. 

1.24 

o .75 

1.29 

2.10 

4 62 

4.02 

34 IS 

5-49 

1.39 

M/10. 

2.47 

2.67 


5.07 

8.33 

7.00 

41.62 

13 91 

6.60 

M/s. 

6.41 

3.82 

7.29 

5*10 

23-79 

17 67 

55 17 

l6.0I 

9-77 

! 

Paramecia Not Adapted 

M/100. 

Ins. 

Ins. 

2.07 

1 

2-50 

3-33 

4-13 

3-21 

2.19 

2.II 

M/so. 

2.22 

2.87 

4.62 

5-46 

6.18 

6.33 

26.14 

8.l6 

8.56 

M/ao. 

S • 10 

4.is 

6 18 

12.17 

11.23 

8-45 

43 5 * 

28.14 

24-34 

M/10. 

8.37 

g.ir 

8.76 

I S - 2 4 

13-82 

1327 

5 1. *4 

37-64 

32.67 

M/s. 

11. 31 


n .30 


18.10 

7-53 

73 46 

4 S-S 8 

41.21 


scope) at any temperature desired, then the behavior of the specimen was observed 
continuously until the end of the experiment. If there was ciliary reversal, the duration 
was measured with a stop watch. This procedure was repeated as often as desired. Ob¬ 
servations were made on ten specimens at each temperature tested. 

Paramecia were left in spring water at 23 0 C. for 1J hours, then transferred to spring 
water at 7°, 15°, 23 0 , 30°, 40°, and 50° C. The following was observed: at 7°~3o° there 
were violent motor reactions but no continuous backward swimming. At 40° C. there 
was ciliary reversal which continued 1.3 seconds. At 50° the paramecia died immediately. 
In paramecia adapted to 15° and 30°, respectively, similar results were obtained. The 
paramecia did not become adapted to 7 0 , 35°, and 40° C. 

These experiments indicate that reversal in ciliary action occurs only after transfer 
to temperatures almost immediately lethal and then continues only a very short time. 
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Paramecia were adapted for i$ hours to spring water at 23 0 C. then put into 5 cc. 
of various chemical solutions at 7° 15°, 23 0 , 30°, 40°, and 50° C. The results obtained 
are presented in Table 3. 

Table 3 shows that duration of reversed ciliary action in M/20 and M/So solutions 
of all the salts tested varies inversely with temperature and that in a given concentration 
of chloride, bromide, or iodide of potassium, sodium, and lithium at a given temperature 
the order of effectiveness of the monovalent cations in inducing reversal is K > Li > Na. 

TABLE 3 

Relation between duration of reversed ciliary action in Paramecium 
IN M/ao AND M/so SOLUTIONS OF SALTS 

Each number in the table represents the average duration of reversal in seconds in ten specimens. 
Death was immediate without reversal. 


Sa.lt 

Concen¬ 
ts vtion 

Tempera tukr 

7 ° C. 

1 5° C. 

33° C. 

30 ° C. 

40° C. 

50° (\ 

KC1. 

M/20 

68 63 

42 OQ 

28.20 

20 36 

16 8l 

Death 

KC1. 

M/50 

48.12 

20 86 

II 58 

6 25 

3 so 

IC 

LiCl. 

M/20 

77-3i 

32 80 

8 94 

4 89 

3 7 l 

M 

LiCt. 

M/50 

65 9i 

24 14 

6.57 

3 69 

2 23 

(( 

NaCl. 

M/20 

23 2Q 

n.79 

S 60 

2.80 

1 61 

it 

NaCl. 


18 94 

9 53 

4.22 

1.86 

1.24 

ft 

KBr. 

M/20 

83.89 

S2 44 

27 39 

19 S3 

8 29 

II 

KBr. 

M/50 

39.27 

21 63 

12 IS 

4.8l 

3.20 

II 

LiBr. 

M/20 

78 -33 

29 56 

II 72 

5.32 

4.18 

II 

LiBr... 

M/50 

51.12 

19.27 

6 52 

5 15 

4.78 

II 

NaBr. 

M/20 

22.89 

II 91 

5 37 

3-99 

1.76 

II 

NaBr. 

M/50 

17.62 

9 21 

4 47 

2.26 

2.15 

II 

KI. 

M/20 

97.30 

44.21 

30 76 

12.92 

8 22 

II 

KI . 

m/so 

43 97 

16.81 

11.21 

5.38 

336 

It 

Lil. 

M/20 

87.49 

31.20 

13.18 

5.26 

3*67 

(( 

Lil. 

M/so 

44-34 

16 51 

7 16 

2.94 

2.72 

II 

Nal. 

M/ao 

35.62 

15 41 

7.06 

4.39 

2.69 

II 

Nal. 

M/50 

26.43 

9.27 

4.2i 

3 53 

2.47 

it 


Comparison of relation between duration of reversal in a given concentration of chlorides, 
bromides, and iodides having the same cation and temperature indicates that, if these 
anions affect ciliary reversal, there is no constant or significant order in which they affect 
it. The similarity of efEects produced by salts of the same cation but different anions is 
particularly striking in the salts of lithium given in Table 3. 

There were marked differences in rate at which paramecia swam backward at different 
temperatures. The rate was very slow at f C., somewhat more rapid at 15° C., rapid 
at 23 0 , very rapid at 30°, and extremely rapid at 40° C. Actual measurements were 
not made, but careful observation indicates that it is probably directly proportional to 
the temperature. 

Paramecia exposed to the lower temperatures became darker in appearance and more 
vacuolated, and the granular nature of the endoplasm was more pronounced. Death in 
high temperatures was accompanied by increased vacuolation change in shape and 
coagulation of the cytoplasm. 

Similar results were obtained with paramecia adapted to 15° and 30° C. 
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DISCUSSION 

It is demonstrated above that Paramecium reacts to increase in monovalent cation 
salt concentration in the environment by reversal in action of the cilia but does not 
react to increase in bivalent cation salt concentration. This difference in response must 
be due to some difference in the effect of monovalent and bivalent cations on the proto¬ 
plasm. 

Heilbrunn (1923) found chlorides of calcium and magnesium cause a decrease, while 
chlorides of potassium, sodium, and ammonium cause an increase in protoplasmic vis¬ 
cosity of eggs of Arbacia. He (1923) obtained similar results with Stentor , as did Heil¬ 
brunn and Daugherty (1931) in Amoeba dubia . Cholodnyj (1923) found potassium and 
lithium produce marked increase in protoplasmic viscosity in root hairs of Trianea but 
that calcium and magnesium have no appreciable effect. Weber (1924) reached similar 
conclusions in reference to effects of sodium and calcium chloride on Spirogyra , and 
Spek (1921) maintains that viscosity of the protoplasm in Acfinosphaerium is increased 
by cations in the following order: Li > K > Na > Ca > Mg. Spek (1920) found LiBr, 
LiCl, and KOH cause Paramecium to increase in volume, and he attributes this to a 
swelling action of the colloid resulting in increased viscosity. There is consequently, 
considerable evidence which indicates that monovalent cations induce increase and bi¬ 
valent cations decrease in viscosity of protoplasm. 

If this is true and the cilia are under control of the neuromotor apparatus, it is con¬ 
ceivable that an increase in viscosity of the cytoplasm could produce impulses in the 
neuromotor apparatus resulting in reversal in the action of the cilia. 

That reversal is associated with increased viscosity is further suggested by the obser¬ 
vation that reversal in response to temperature occurs only at temperatures almost 
immediately lethal, it being well established that there is a marked increase in viscosity 
preceding death at high temperatures. It is also shown that duration of reversal induced 
by chemicals varies inversely with temperature, and there are many observations which 
indicate that viscosity of protoplasm varies inversely with temperature 

Precisely how environmental changes which have been observed to induce reversal 
in the action of cilia effect reversal and the physiological factors involved cannot be 
completely explained on a basis of our present knowledge. Factors such as changes in 
the electric potential at the surface, or in permeability and consistency of the surface 
layer of the organism, or chemical changes in the receptors or elsewhere in the organism 
may be involved as has been suggested. It is believed, however, that there is consider¬ 
able evidence to indicate that reversal is associated with increase in viscosity of the 
cytoplasm. A more comprehensive study of this problem is being undertaken. 

SUMMARY 

1. The chlorides, bromides, and iodides of potassium, lithium, sodium, and ammo¬ 
nium induce reversal in the direction of the effective beat of the cilia of Paramecium . 
The chlorides, bromides, and iodides of calcium and magnesium do not. 

2. The duration of reversed ciliary action varies directly with concentration of the 
salt which induces it. 

3. The effect of monovalent salts on reversal is primarily due to the action of the 
cations. If the anions have any effect, it is quantitative and is secondary to that of 
the cations. 

4. The order of effectiveness of the monovalent cations in inducing reversal is K > 
Li > Na > NH*. 
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5. Paramecia which have been 18 hours in a given concentration of chloride, bromide, 
and iodide of potassium, lithium, and sodium become adapted and do not exhibit ciliary 
reversal when transferred to solutions of lesser concentration but do reverse to solutions 
of higher concentration. Duration of reversal in adapted is less than in nonadapted 
specimens. Ciliary reversal is dependent upon rate of increase in concentration of mono¬ 
valent cation salt in the environment. 

6. The order in which the monovalent cations produce death in Paramecium is Li 
> K > Na. 

7. Prolonged exposure to M/40 lithium and potassium salts frequently results in 
change in direction of rotation on the longitudinal axis in forward locomotion and active 
changes in shape during locomotion. 

8. Change in temperature which is not lethal does not induce reversal in direction 
of the effective beat in the cilia in Paramecium. 

9. Lethal temperatures induce reversal in the action of the cilia if death is not im¬ 
mediate, but the duration of the reversed action is very short. 

10. The duration of reversed ciliary action in solutions of monovalent cation salts 
varies inversely with temperature. 

11. The order of effectiveness of monovalent cations in inducing reversal is independ¬ 
ent of temperature, 

12. The rate at which the cilia of paramecia beat in reverse varies directly with 
temperature. 
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THE INFLUENCE OF CERTAIN PLANT HORMONES 
ON GROWTH OF PROTOZOA* 

(Six figures) 

ALFRED M. ELLIOTT 

Biological Laboratories, Stanford University, and State Teachers 
College, Bemidji, Minnesota 

I T IS generally agreed that growth of stems and leaves of higher plants is stimulated 
by plant hormones, while growth of roots, saprophytic plants (e.g., bacteria, yeasts, 
and molds), and animal cells is either unaffected or else retarded in some cases. 
Whether this difference in effect is dependent upon some definite correlation between 
the presence of chlorophyll and the activity of phytohormones is not yet known, although 
the available evidence favors such an assumption. 

The possibility that there might be some intermediate point between typical plant 
and animal cells at which the phytohormones lose their stimulating effect suggested a 
comparison of the influence of several synthetic phytohormones on the growth of three 
protozoa whose nutritional requirements are fairly well known. The three species se¬ 
lected—the chlorophyll-bearing Euglena gracilis; Khawkinea halli, without chlorophyll 
but otherwise similar to Euglena to which it is related; and the ciliate, Colpidium 
striatum —represent adaptations to three different methods of nutrition: holophytic. 
saprozoic, and holozoic, respectively. If the accelerating effects of phytohormones are 
dependent upon presence of chlorophyll, there should be no such effect in the case of 
C. striatum or even with K. halli. 

MATERIAL AMD METHODS 

The three species of protozoa used in this investigation were maintained in bacteria- 
f ree cultures, purity being determined by periodic bacteriological tests. The strains of 
E. gracilis and K. halli were obtained from Professor R. P. Hall, the latter having been 
isolated originally by Dr. T. L. Jahn and designated previously as Astasia sp. (Jahn 
and McKibben, 1937). The strain of C. striatum was isolated several years ago by the 
writer (Elliott, 1933). 

The following plant hormones were obtained from the Eastman Kodak Company: 
7-3-n-indolebutyric add (CiaHqOjN), j8-3-indolepropionic add (C n HnO,iN), and 3- 
indoleacetic add (CioHjOaN), or heteroauxin. Solutions of these substances were pre¬ 
pared a few hours before use in order to insure maximal activity. 

As a basic organic medium for C. striatum, Difco “tryptone” was made up in 2.0 per 
cent solution, a concentration near the optimum for this ciliate. For the flagellates, 

1 This investigation was supported in part by grants from the Minnesota Academy of Science and the 
American Association for the Advancement of Science. 

The writer wishes to express his gratitude to Professor C. V. Taylor, in whose laboratory the pre¬ 
liminary experiments were performed; to Dr. P. W. Zimmerman, who suggested the three indole com¬ 
pounds employed in the study; to Professor R. P. TTa. 11 , who carefully read the manuscript; and to Mr. 
Anthony Roeycki for technical assistance. 
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Euglena and Khawkinea, the same peptone was used in 0.5 per cent concentration in the 
following solution: 

NaCl . o 003 gm. MgSQ, o 005 grn. 

KNO3 o 002 FeS 0 4 Trace 

CaS 0 4 o 020 Glass distilled water 1 o liter 

In determining the effects of phytohormones in relation to pH, suitable quantities 
of each basic medium were adjusted to the desiied pH, tubed in 8.0-cc. amounts, and 
then sterilized in the autoclave at 15 pounds pressure for 20 minutes. The indole solu¬ 
tions were made up in glass distilled water and sterilized in the autoclave for 30 minutes 
at 115 0 C. To each experimental tube 1.0 cc. of sterile indole solution was added aseptic- 
ally, while the controls each received 1.0 cc. of sterile distilled water. Both experimental 
and control tubes were inoculated with 1.0-cc. suspensions of the organisms to be tested. 
The flasks from which the inoculations were made were prepared from an actively grow¬ 
ing tube of orga n isms, previously cultured for several weeks and through several trans¬ 
fers in tryptone medium. The organisms were washed and centrifuged before addition 
to the flask in order to remove most of the fluid in which they were growing. 

Initial pH determinations were made with representative control and experimental 
tubes after inoculation. The initial concentration of organisms in each series was deter¬ 
mined by counts on samples from the stock flask, the count per cubic centimeter in the 
inoculated tubes then being computed. In every series the cultures were Incubated at 
a constant temperature of 26° C. The preliminary series were maintained in a constant 
temperature room at Stanford University (accuracy, ± o.i° C.) while the confirmatory 
senes were run in a constant temperature bath at State Teachers College (accuracy, 
± 0.02 0 C.). In the case of Euglena the cultures were placed at 14 inches from a con¬ 
tinuous source of artificial illumination (100-watt electric lamp). After incubation the 
final pH of two or more tubes from each set was determined and the remainder were 
fixed for counting by the addition of 0.5 cc. of a saturated solution of trinitrophenol in 
xN HC1. As described previously (Elliott, 1933), all counts were made with a Sedgwick- 
Rafter counting c h a mb er and a Whipple ocular micrometer. A LaMottc colorimeter 
was used for pH determinations. In experiments testing the effect of different concentra¬ 
tions of indole compounds on the growth of Euglena , it was necessary to culture the 
flagellates in 250-00. Erlenmeyer flasks instead of tubes. Two cubic centimeter samples 
were withdrawn from the flasks at regular intervals and counted. 


EFFECTS OF PUYTOnORMONES IN RELATION TO ?H 

Since it has already been noted (Elliott, 1935a) that pantothenic acid accelerates 
growth of C, striatum below pH 7,0 and yet is actually toxic above the neutral point, it 
seemed necessary to determine whether or not the effects of phytohormones might also 

depend upon the pH of the medium. Consequently, tests were made over the pH range, 
3.0-9.0. r & * 


In the preliminary experiments it was necessary to start with an arbitrarily selected 
concentration of plant hormones. The concentration first used, 1:10,000 in Series la 
and Ha, proved toxic and subsequent tests showed that a dilution of 1: 2 oo,ooo or higher 
waa satisfactory for stimulation of Euglena. Hence, dilutions of 1:200,000 were used in 
Senes 16 , H6, and III. 


Series la (C. striatum) Each indole compound was added to the basic medium in 
concentration of i :io,ooo. The pH of different seta of experimental and control tubes was 
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adjusted as follows: 3.5, 4-5> S-S, 6.8, 7.6, and 8.8. The initial count was 123 dliates 
per cubic centimeter. After incubation for 48 hours the pH was unchanged except for 
a rise of 0.2 in the tubes with an initial pH of 5.5 and 6.8. Such shifts were too small 
to influence the results significantly. 

The final counts (Fig. 1) showed that no acceleration was produced by the phyto- 
hormones. Indoleacetic acid inhibited growth almost completely at all pH levels and 
no attempt was made to plot the results. Indolepropionic add was slightly toxic at 
pH 5.5, while indolebutyric add produced a dedded decrease in growth at the same 
point. At pH 6.8 and 7.6 the former showed no significant influence while the latter 
showed a slightly depressed effect. The results show dearly that the inhibitory effect 
of these two indole compounds is much greater below pH 7.0 than above the neutral 
point, a correlation comparable to that reported previously (Elliott, 19336) for sodium 
acetate and sodium butyrate. 

Series lb (C. striatum ).—In this series the growth substances were used at a con¬ 
centration of 1:200,000 in tryptone solutions at pH 3.8, 4.7, 5.7, 6.8, 7.5, and 9.0. The 
initial count was 200 dliates per cubic centimeter. After incubation for 45 hours pH 
changes were comparable to those in Series la. 

The final counts (Fig. 2) showed that indolepropionic and indolebutyric add had 
produced practically the same effects as in Series la, while indoleacetic add was some¬ 
what more toxic than indolepropionic add. Here again the effects were less pronounced 
above pH 7.0. 

Later experiments with higher dilutions (1 :io,ooo,ooo) showed results similar to those 
of Series la and 16, except that the inhibitory effect of the growth substances was much 
less striking, as might be expected. It is clear that, within the limits of these experiments, 
growth of C. striatum is not accelerated by heteroauxin, indolepropionic acid, and indole- 
butyric add. It would seem, therefore, that these growth substances, which bring about 
such striking responses in higher plants, are not essential in the normal growth of this 
ciliate protozoan. 

The bimaximal growth curve so typical of C. striatum in tryptone medium (Elliott, 
1933) was absent in both Series la and 16. Preliminary observations suggest that this 
may be due to the omission of the phosphate buffer from the basic medium used in the 
present investigation. 

Series Ha (K. halli ).—The indole compounds were used in concentrations of 1 :io,ooo 
in the 0.3 per cent tryptone medium at pH 3.2, 4.3, 3.5, 6.5, 7.3, and 9.0. The initial 
count was 400 flagellates per cc. No appredable changes in pH had occurred after a 
7-day incubation period. The final counts (Fig. 3) Bhowed that the indole compounds 
failed to accelerate growth at any pH, and that indoleacetic add was highly toxic in the 
concentration used. 

Series lib ( K . haUi). —In this series the concentration of growth substances was re¬ 
duced to 1:200,000, and the initial pH of the different sets of tubes was as follows: 3.2, 
4.3, 5.5, 6.7, 7.4, and 8.8. The initial count was 630. Cultures were incubated for 7 
days and then fixed for counting. Final counts (Fig. 4) again failed to show an accelera¬ 
tion of growth, although the inhibitory effects were less marked than in Series Ha. 
Comparable experiments with the hormones in dilutions of 1 :io,ooo,ooo likewise showed 
no acceleration of growth. It seems certain, therefore, that the indole compounds tested 
do not accelerate growth of K. haUi . 

Series III (E. gracilis) .—In view of the previous experience with Colpidium and 
Khawkinea the phytohormones were used at a concentration of 1:200,000 in 0.3 per 
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Fig. x.—Series la. Concentration of ciliates in thousands per cubic centimeter arc plotted .against 

initial pH. Cultures are indicated as follows: Control (-), indolcpropionic acid (.) and indolc- 

butyric add (-). Concentration of indole compounds is i: 10,000. 



Fig. a.—Series It. Concentrations of ciliates in thousands per cubic centimeter are plotted against 
initial pH, Cultures are indicated the same as in Fig. 1 and indoleacetic add (— . —) is added. The 
indole compounds have a concentration of 1:200,000. 
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Fig. 4. —Series Tib. Concentration of flagellates in thousands per cubic centimeter plotted against 
initial pH. Cultures are indicated as in Fig. a. Concentration of indole compounds is i:aoo,ooo. 
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cent tryptone medium with initial pH as follows: 3.0, 4*S> 5*5) 6.6, 7*5» an d 9* 0 * 
initial count was 3,300 flagellates per cubic centimeter. No appreciable changes in pH 
had occurred after incubation for 6 days under constant artificial illumination. 

The final counts (Fig. 5) showed acceleration of growth by indolebutyric acid over 
the entire pH range, and especially at pH 5.5. Indolepropionic acid produced significant 
acceleration at pH 5.5 but little or no effect at the other pH levels. Heteroauxin showed 
little or no effect over the pH range tested; as determined later (Series IV) this was due 
to the fact that a concentration of 1:2oo,ooo is too high for this growth substance. 

EFFECTS OF DIFFERENT CONCENTRATIONS OF PHYTOIIORMONES 

Series IV (£. gracilis).— Since acceleration of growth was pronounced only in the 
case of E. gracilis , experiments to determine the effects of different concentrations of 
indole compounds were limited to this species. The different indole compounds were 
added to flasks of 0.5 per cent tryptone medium in concentrations of 1 :io,ooo, x :ioo,ooo, 
1:1,000,000, and 1:10,000,000. The initial pH in each flask was 5.6, and the initial 
count was 1,400 flagellates per cubic centimeter. The flask cultures were incubated 
under constant ill umin ation for 9 days, 2.0-cc. samples being removed asceptically from 
each flask at 2-day intervals for determining the concentration of flagellates. The results 
(Fig. 6) show that growth is accelerated by indolepropionic acid in the three higher 
dilutions but not at 1 :io,ooo. Indolebutyric acid showed marked acceleration of growth 
at dilutions of 1:1,000,000 and 1:10,000,000, but not in the highest concentration used. 
A decided acceleration was produced by indoleacetic acid in a concentration of 
1 :io,ooo,ooo; no effect was produced by 1 :ioo,ooo, while growth was definitely retarded 
in a 1:10,000 dilution. No effort was made to plot the numbers of organisms beyond the 
seventh day of growth because counting became too difficult. However, counts on the 
ninth day with the “cytocrit” 3 indicated the same sort of relative growth as was observed 
on the seventh day. In all cases acceleration of growth, when it occurred, was obvious 
on the fourth day of growth. Other observations, not described here in detail, showed 
that the most effective concentration of indoleacetic add lies between 1:1,000,000 and 
1:10,000,000. These observations are in accord with the findings of Zimmerman and 
Wilcoxson (193 s), who found indoleacetic add to be five times as powerful as indole¬ 
propionic add and indolebutyric add in inducing responses in higher plants. 

Series V (E. gracilis ).—The same procedure was followed as in Series IV, except 
that the initial pH was 7.4 in all cases instead of $.6. The results indicated that all three 
compounds were more effective in concentrations of j :ioo,ooo-i : 1,000,000 than in higher 
and lower dilutions in stimulating growth of Euglena. The accelerating effects were 
always slight, however, as compared with those observed at pH $.6. 

DISCUSSION 

Since Went (1927) discovered a method for extracting plant hormones and demon¬ 
strating their quantitative effects on growth in Avena coleoptiles, much has been ac¬ 
complished in identifying other substances which cause similar responses in higher 
plants. Z imm e r man and Wilcoxon (1935) have shown that a large number of che micall y 
diverse synthetic compounds cause responses in higher plants similar to those produced 
by auxins a and b. These synthetic compounds incite such striking effects as develop¬ 
ment of roots on leaves and stems, bending of stems, acceleration of growth, and epinasty 

* A specially designed centrifuge tube used in estimating volume of packed protozoa in determining 
relative growth. This will be described in detail in a later publication. 
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initial pH. Cultures are designated the same as in Fig. 2 Concentration of indole compounds is 1:200,000* 
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FtG. 6.—Series IV. Effect of different concentrations of phytohormones. Concentration of flagellates 
in thousands per cubic centimeter plotted against time in dayB. The dashed lines indicate cultures con¬ 
taining the indole compounds in concentrations indicated as follows: 1 — i;io,ooo; 2 « 1:100,000; 
3 m 1:1,000,000; 4 m i • 10,000,000. The solid lines are the controls in each case. 
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of leaves. Since such compounds produce profound changes in higher plants it might 
be expected that they would exert analogous effects on chlorophyll-bearing protozoa. 
Popoff (1933) demonstrated that low concentrations of growth substances extracted 
from coleoptiles and other parts of Zea seedlings accelerated cell division and exeyst- 
ment of E. gracilis. The purified indole compounds employed in this investigation also 
augmented multiplication of E. gracilis , indicating a marked influence on the rate of 
metabolism. The occurrence of autotrophic nutriLion in E. gracilis , described by Dusi 
(1933) and earlier workers, has recently been questioned by Hutner (1936). If llutncr’s 
findings can be corroborated, it may be inferred that E. gracilis shows a distinct tend¬ 
ency toward saprophytic nutrition. Nevertheless, this euglenoid flagellate still retains 
the property of utilizing the same substances which increase cell proliferation in higher 
plants. 

It has been demonstrated that growth of lower plants, such as Aspergillus niger, is 
retarded by auxins, although such substances are produced in the tissues of the fungus 
(Boysen Jensen, 1932). Thus, auxins are found in fungi, yeasts, and bacteria, but usually 
fail to accelerate growth of the organism from which they are extracted. Whether or 
not K. hatti elaborates such growth substances is not known, but it is obvious that 
growth was not accelerated by heteroauxin, indolepropionic, and indolebutyric acid. 
In this respect the flagellate resembles A. niger . The fact that Khawkinea is closely 
related to Euglena —the chief difference being the lack of chloroplasts in the former— 
reveals an apparent correlation between the presence of chlorophyll and the activity 
of plant hormones in Protozoa. That this flagellate is not photosynthetic has been 
demonstrated by Pringsheim (1921), who showed that it could not utilize ammonium 
compounds and single amino adds as sources of nitrogen. The change to saprophytism 
with loss of chlorophyll in this flagellate has been accompanied by a loss of the power 
to utilize growth substances which accelerate cell division of chlorophyll-bearing organ¬ 
isms. 


These growth substances are found in a n i m a l cells and particularly in excretions such 
as urine. It is uncertain, however, that the auxins are synthesized by animal cells since 
they may possibly be derived from plants taken in as food. The available evidence 
indicates that these substances are not essential to growth of animal tissues. It has 
been shown, for instance, that growth of fibroblasts in tissue culture is not stimulated 
by auxins o and 6 (Kogl, Haagen Smil, and Tonnis, 1933). Likewise, the rate of meta¬ 
morphosis of tadpoles is unaffected by auxin (Kfigl, Haagen Smil, and Erxleben, 193,). 
Navez and Kropp (1934) failed to observe activity of the chromatophorcs of Palac- 
monetes when auxin was applied to the eyestalks. Greenberg and Schmidt (193ft) ob¬ 
served no increase in growth of Planaria maculata when supplied with two different 
preparations of auxin. In view of the negative findings already obtained with animal 
cells, the present results with Colpidium were not surprising. 

The effects of the indole compounds tested are interesting in comparison with results 
obtained in the case of pantothenic add (Elliott, i 93S a). With the latter, growth of 
C : ’ w “ “Markedly accelerated, but there was no effect on growth of the chloro¬ 

phyll-bearing flagellate, Haematococcus phmalis. With the indole compounds, the situar 
tnm is reversed, no acceleration of growth being produced in the absence of chlorophyll. 

The ™uence of hydrogen-ion concentration on the growth-promoting or inhibiting 
Pkytohonnones showed a definite relationship. In those experiments where 
obB "™d (Series U, I b, Ha, Ub) the indole compounds were toxic 
throughout the entire pH range, but particularly so in the range of optimum growth 
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(pH 4.5-6.0), with the exception of indoleacetic acid in Series la and Ila where it was 
extremely toxic at all pH levels. Above pH 7.0, even in concentrations of 1:10,000 of 
the indole compounds, toxic effects were much reduced over those on the add side of 
neutrality. Furthermore, in Series III and IV acceleration of growth of Euglena occurred 
with the indole compounds at the points of optimum pH for growth (pH 4. 5-6.0). It 
seems apparent, then, that if the indole compounds augment growth of a protozoan it 
must be done at the point of optimum growth for that organism. Substances which 
augment or inhibit growth of the three spedes of protozoa studied here do it at approx¬ 
imately the same pH level. This probably has some relationship with the ionization 
of the acids involved. 

SUMMARY 

Three plant hormones—3-indoleacetic add (heteroauxin), jS-3-indolepropionic acid, 
and 7-3-indolebutyric acid—were tested for their effect as growth stimulants on three 
spedes of Protozoa in pure cultures. Comparative studies were made with a chlorophyll- 
bearing flagellate, E. gracilis , a colorless euglenoid flagellate, K . haUij and a holotrichous 
ciliate, C. striatum . The compounds were tested over a wide pH range (3.0-9.0) and it 
was demonstrated that in the case of Euglena growth was markedly accelerated with 
all three indole compounds at pH 5.6 andaconcentration of 1 :i,000,000 and 1 :io,ooo,ooo. 
No favorable effects were noted with either Khawkinea or Colpidium, and at certain 
concentrations of the plant hormones retardation of growth was observed. 
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SOME EFFECTS OF HYPERTONIC SOLUTIONS UPON DEVE1XJPMENT 
AND OXYGEN CONSUMPTION 1 

(Twelve figures) 

ARTHUR LOOTS SCXELPPER 
Zoological Laboidtory, Stale University of Iowa 

INTRODUCTION* 

C ONSIDERABLE attention has been accorded the changes in water content of 
animal cells and tissues. Aquatic forms have served as experimental ma terial 
for many of these investigations. The methods by which aquatic animal s con¬ 
trol the intake and outgo of water, together with the expenditure of energy necessary to 
ma i nt ain this water balance, has been thoroughly analyzed by Schlieper (1930, 1935). 
The role which proteins play in regulating the movements of water in living organisms, 
plus the oxygen consumption concerned in this regulation, has been emphasized by Jor¬ 
dan Lloyd (1933). Buxton (1932), investigating the humidity of the environment and 
terrestrial insects, and Mellanby (1935), examining the evaporation of water from in¬ 
sects, in extensive reviews have pointed out the physiological mechanisms governing 
water exchange. 

Hypertonic solutions bring about alterations of the water content of animals and so 
produce changes in the weight (Adolph, 1936; Thompson and Bodine, 1936), volume 
(Eitching, 1934; Slifer, 1934; Thompson and Bodine, 1936), and oxygen consumption 
(Borei, 1935; Bodine, 1933, J 934; Thompson and Bodine, 1936). 

Although the water content of insects under various conditions has been extensively 
studied, most observations have been on other than egg and embryonic stages. Bodine 
(1929) compared the water content and rate of oxygen consumption of developing 
Melanoplus dijfereniialis eggs. The same author (1933,1934) and, more recently, Thomp¬ 
son and Bodine (1936) have shown that hypertonic solutions depress the rate of oxygen 
consumption. Slifer (1934) reported that the resistance of postdiapause embryos to 
hypertonic solutions is dependent upon the concentration and the length of exposure. 
The purpose of this investigation has been to determine the effects of dehydration and 
aehydration-rehydration on cellular activity by noting viability, extent of development, 
and changes m the rate of oxygen consumption. 


MATER I ALS AND METHODS 

Approximately 40,000 eggs of the grasshopper, M. differentialis (Thomas), have been 
used during the course of this investigation. The early stages (prediapause) have been 
designated as 1-, 5-, 10-, and 15-day eggs. After 17 or 18 days there is an interruption of 

du * Mae ’ * e P«>- “id postdiapause stages. Diapause is 

a naturally occurring period of reactivity concurrent with a low rate of oxygen consump- 

1 Aided by a grant from the Rockefeller Foundation for Research in C ellular Physiology. 

t0 e’P^jhis predation to Professor J. H. Bodine for lie manifest interest and 
many helpful suggestions rendered during the progress of this investigation. 


[Physiological Zoology 



DEHYDRATION AND DEVELOPMENT 


41 


tion and little change in water content. Eggs, collected on the day they were laid, were 
transferred to a constant-temperature chamber and kept there until the desired stage of 
development had been attained. (All eggs, control and experimental, were kept at 28° C.) 
Postdiapause eggs were obtained by subjecting diapause eggs to a low temperature (5 0 C.) 
for two months and then returning them to 28° C. The morphological stages have been 
described by Slifer (19320,19326) and Slifer and King (1934). Bodine (1929) and Boell 
(i935) h ave determined the changes in the rate of oxygen intake during development. 

Control eggs were kept on moist paper toweling while experimental ones were im¬ 
mersed in distilled water or in a balanced salt solution. Shell v ials (i w X 6”), con taining 
10 to 100 eggs in 25 cc. of solution, were suspended in a constant-temperature water bath. 
The solutions were changed daily. 

The isotonic salt (modified Ringer’s) solution was composed of 0.9 per cent NaCl and 
0.02 per cent each of KC 1 and CaCla and has been designated as N, the hypertonic solu¬ 
tions being designated accordingly (e.g., 5 N). Slifer (1934), using NaHC 0 3 in addition 
to the above,’found no adverse results when postdiapause embryos were placed in solu¬ 
tions ranging from 0.9 to 1.3 times the normal concentration. 

Early in this investigation it was noted that the development of immersed eggs was 
retarded and eventually inhibited unless the solution containing the eggs was aerated. 
Aeration was effected by a continuous str eam of air introduced into the solution through 
small-bore glass tubes; these aerating tubes were lined with a thin film of vaseline to pre¬ 
vent crystallization of the salts. Distributors, each with several taps, made possible the 
aeration of a large number of solutions simultaneously. 

Modified Krogh microdifferential manometers, calibrated according to the method by 
Dixon (1934), were used in measuring changes in the rate of oxygen consumption. The 
number of eggs used in an experimental lot was dependent upon the stage of development 
attained, determinations being made with 20 prediapause, an equal number of diapause, 
and 10 postdiapause ones. The high rate of oxygen consumption of postdiapause eggs 
necessitated the use of fewer ones of this stage. Consecutive determinations for a single 
lot of eggs were made with the same manometer. Control eggs were placed in manom¬ 
eters with no solution while experimental eggs were placed in manometers containing 
x cc. of the solution to which the eggs had been exposed. The manometers were shaken 
while in the water bath to insure an equal distribution of oxygen dissolved in the solu¬ 
tion. Each manometer cup was provided with a small well for KOH, 0.15 cc. of a per cent 
KOH being used to remove Ihe carbon dioxide produced by the eggs. 

EXPERIMENTAL RESULTS 
DEVELOPMENT IN HYPERTONIC SOLUTIONS 

The solutions employed in this investigation were 1, 2, 3,4, 5, 7.5,10,15, and 20 N. 

One hundred i-day eggs were placed in each of the solutions. Similar lots of eggs were 
placed in moist sand and in distilled water. The number of eggs developing was deter¬ 
mined when the embryos were removed 20 days later (Fig. 1). More than 93 per cent of 
the eggs which had been in moist sand, distilled water, N, or 2 N solutions contained de¬ 
veloping embryos; 83 per cent in 3 N, 50 per cent in 4 and 5 N, 23 per cent in 7.5 and 
10 N and less than 10 per cent in 15 and 20 N. (The reader is referred to Table 1 for 
the development attained by these eggs.) Loss of water, as indicated by a loss of turgid- 
ity of the eggs, occurred in all hypertonic solutions. Some eggs in 5 N, and practically all 
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in 15 and 20 N solutions, were flattened. This flattening was caused by the removal of 
water from the eggs by the hypertonic solutions. Solidification of the yolk, resulting in 
disintegration of the embryos, was probably responsible for the small jierccntagc of de¬ 
veloping eggs in the higher concentrations. 

The effects of dehydration upon the extent of embryonic development were deter¬ 
mined by placing 80 i-day eggs in each of the solutions. Embryos were removed and ex¬ 
amined from some of the eggs 10 days later and at 5 _ day intervals thereafter (I able r). 



Fig. i. —Eggs containing embryos after 20 days’ exposure to solutions ranging from N to 20 N. Eggs 
were immersed on the day they were laid. 

It is to be remembered that, with this retardation of growth, there was also a reduction 
in the number of eggs containing embryos (Fig. 1). This prolongation of the develop¬ 
mental period gradually merged into an inhibition of development; the si age at which 
cessation of growth occurred was dependent upon the hypertonicity of the solution. No 
embryos developed as far as the diapause stage in any of the hypertonic solutions. 

Eighty postdiapause eggs were placed in each of the solutions on the day of removal 
from 5 0 C. A similar lot of eggs was kept on moist paper toweling. Hatching began in the 
control lot after 13 days and in N after 16 days. No hatching occurred in the hypertonic 
solutions, although many of the embryos had undergone considerable postdiapause de¬ 
velopment in concentrations ranging from 2 to s N. Beyond 5 N only a small number 
were able to initiate blastokinesis (Table 2). Reduction in size and disintegration of the 
embryos were frequently noted after exposures to hypertonic solutions. 
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Similar experiments were conducted with later stages of postdiapause eggs. Hatching 
was noted in 2 and 3 N if the postdiapause eggs were allowed to develop three days be¬ 
fore being immersed in these solutions. If postdiapause eggs were allowed to develop six 
days before being dehydrated, hatching occurred in concentrations as great as 7.5 N. It 
is thus apparent that the eggs become more resistant to dehydration as postdiapause de¬ 
velopment continues. 


TABLE 1 " 


Effect of concentration on prediapause development 


Length of 
Exposure 
(Days) 

Concentration 

N 

a N 

3 N 

4 N 


7-5 N 

10 N 

15 N 

ao N 

10. 

iof 

9 

mm 

8 

■ 

7 

7 

4 

4 

15 . 

15 

11 


10 

1 1 

9 

8 

4 

4 

20. 

Dt 

13 

13 

12 

mSM 

10 

9 

4 

4 

2 5„. 

D 

IS 

14 

12 

12 

11 

9 

4 

4 

3 °§ . 

D 

IS 

14 

13 

13 

12 

10 

4 

4 


* One-day eggs were placed in solutions; the embryos of a few eggs were removed and examined at the intervals indicated, 
t Stage of embryo as compared to control at 38° C. 
t Diapause. 

§ General inhibition after this period. 


TABLE 2 " 

Effect of concentration on postdiapause development 


CONCENTRATION 



N 

aN 

3 N 

4 N 

5 N 

7 S N 

zoN | 

15 N 

ao N 

Percentage Initiating blastokineais.. 

90 

63 

66 

77 

70 

35 

IS 

27 

II 

Development attainedf. 

H 

H 

n 

E 

E 

B 

B 

B 

B 


* First-day postdiapause eggs were placed in solutions; the embryos were removed after 30 days 1 exposure. 
\ /7"-hatching; I-date yolk cngulfment; 22-early yolk engulfment; B ■blastokinesis. 


DEVELOPMENT FOLLOWING DEHYDRATION-REH YD RATION 

The effects of hypertonic solutions were determined by dehydrating the eggs for a 
period of time and then transferring them to N. In this experiment five stages of develop¬ 
ment (1-, 5-, 10-, 15-day, and diapause) and five concentrations (5,7.5, xo, 15, and 20 N) 
were used. The eggs were dehydrated 5,10,15, and 20 days in 5, 7.5, and 10 N; 4, 8 ,12, 
and 16 days in 15 and 20 N. Following transfer to N some of the eggs burst owing to an 
excessive intake of water. This was most frequently noted with 5-day eggs and, to a 
lesser extent, with other stages. Such eggs, when examined, were found to contain no 
living embryos; the yolk presented a curdled appearance. Most of the embryos were re¬ 
moved 20 days after the eggs had been transferred to N and the number of developing 
embryos was determined (Table 3). A few eggs were allowed to remain, since it had been 
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noted that the duration of the diapause condition was materially shortened by dchydra- 
tion-rehydration. TTairhing occurred in a few cases, being most frequent in those eggs 
which had been allowed to develop 15 days before being dehydrated. One-day eggs were 
quite resistant to 5 N except for long periods of immersion (20 days). The susceptibility 
increased with concentration and length of exposure. There was less recovery for 5-day 
eggs i-tmn for x-day ones, the ability to overcome such treatment being determined by the 
concentration rather than by the length of dehydration. There was considerable recovery 

TABLE 3 

Recovery of dehydrated eggs following rf,hydration 


CONCTNlRAnON 


5 N 

1 s N 

10 N 

vt N 

■ 

■ 

aoN 

M* 

Et 

%t 

M 

£ 

% 

M 

E 

% 

M 

E 

% 


n 

°/c 

I 

S 

83 


5 

68 

B 

S 

3 a 

I 

4 


B 

m 

11 

I 

10 

95 

B 

10 

56 

n 

10 

21 

B 

8 


B 

UPl 

65 

1 

15 

95 

«J 

IS 

33 

BE 

IS 

10 

B 

12 


B 


21 

I 

20 

46 

■ 

20 

33 

E 

20 

18 

B 

16 

21 

m 


9 

s 

5 

80 

5 

5 


5 

s 

S 3 

5 

4 

5 

5 

4 

7 

s 

10 

76 

5 

10 


S 

10 

19 

5 

8 

3 

5 

8 

16 

5 

15 

78 

5 

IS 

37 

5 

15 

16 

5 

12 

33 

5 

12 

2 

5 

20 

S 6 

5 

20 

40 

5 

20 

27 

s 

16 

7 

S 


3 

10 

5 

IOO 

10 

S 

85 

10 

B 

93 

10 

4 

ss 

10 

A 

S 3 

zo 

10 

78 

10 


86 

10 

Kg 

74 

10 

8 

48 

xo 

8 

23 

10 

IS 

79 

zo 


75 

10 

E 

90 

10 

12 

63 

zo 

12 

28 

10 

20 

81 

10 


85 

10 


73 

10 

16 

47 

10 

B 

13 

1 5 

S 

98 

IS 


8S 

15 

S 

86 

15 

4 

94 

15 

1 

73 

15 

10 

82 

IS 


44 

IS 

10 

81 

IS 

8 

55 

15 

« 

60 

IS 

IS 

95 

15 

IS 

88 

IS 

IS 

85 

15 


66 

15 

■ 

35 

15 

20 

90 

15 

20 

78 

15 

20 

75 

IS 


76 

15 


J 5 

DJ 

S 

100 

D 

S 

63 

D 

5 

97 

D 

4 

QO 

t) 

4 

81 

D 

10 

98 

D 


Sa 

D 

xo 

78 

D 

8 

go 

1 ) 

8 

go 

D 

IS 

97 

D 

15 

82 

D 

IS 

73 

D 

12 

88 

I) 

12 

go 

D 

20 

zoo 

D 

20 

87 

D 

20 

82 

D 

16 

Qi 

I) 

If) 

73 


* Morphological lUf 4 when dehydrated, 
f Length of exposure to hypertonic solution. 
t Recovery following transfer to N. I Diapause. 


of 10- and 15-day eggs following dehydration by 5, 7.5, and 10 N although a marked 
susceptibility of these stages to 15 and 20 N was noted. Neither concentration nor length 
of immersion had much effect on the resistance of diapause eggs. It appears that the 
diapause eggs are able to retain water more tenaciously against osmotic forces than pre¬ 
diapause ones. 

THE SECRETION OF THE CUTICLE IN HYPERTONIC SOLUTIONS 

Twenty i-day eggs were placed in each of the solutions and allowed to develop for 
10 days. The contents of the eggs were then removed and the presence of the cuticular 

[Physiological ZoGloqy 












































DEHYDRATION AND DEVELOPMENT 


45 


layers 3 was determined by chemical methods (Jahn, 1935). It was found impossible to 
prevent, or even delay to any extent, the secretion of either layer of the cuticule. The 
secretory function of the serosa cells is apparently little disturbed by hypertonic solu¬ 
tions despite the fact that the embryos are profoundly affected by them. 

OXYGEN CONSUMPTION 

The changes in the rate of oxygen consumption of developing M. dijferentialis eggs 
have been carefully measured by Boell (1935). the present investigation somewhat 
higher rates were found, these being attributable to the higher temperature at which 
these experiments were conducted. Changes in the rate of oxygen intake of developing 
eggs, on moist paper toweling and immersed in distilled water and in N, are shown in 
Figures 2 (prediapause) and 3 (postdiapause). It will be noted that the control eggs pos¬ 



sessed a higher rate of oxygen consumption than the immersed ones. The differences in 
the rates were probably caused by the slower rate of diffusion of oxygen through the 
liquid medium. 

The effects of hypertonic solutions on the oxygen consumption of 1-, 5-, 10-, 15-day, 
diapause, first-, and third-day post-diapause eggs have been investigated. Typical re¬ 
sults are presented in Figures 4-8. It was frequently noted that the rate of oxygen con¬ 
sumption of a given stage of development was similarly affected by two or more concen¬ 
trations. In such instances one concentration, together with the results produced by that 
concentration, was chosen to represent all those producing like results. Generally speak¬ 
ing, for the prediapause and diapause stages, there was but little difference in the rates of 
oxygen intake of these eggs in concentrations ranging from 3 to 10 N; likewise 15 and 
20 N produced strikingly similar results (Figs. 4-6). A greater difference in the rates of 
oxygen consumption was noted for postdiapause eggs in hypertonic solutions (Figs. 7 
and 8). The rate of oxygen consumption of eggs in the various hypertonic solutions was 
largely dependent upon the stage at which dehydration was started. These differences 
were most marked in those eggs which previously had had a high rate of oxygen intake 
(Fig. 8); likewise there was but little difference if the rate of oxygen consumption previ¬ 
ous to immersion was low (Fig. 6). 

> The histology of these layers has been described by Slifer (1937). 
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Fig. 3.—Changes in the rate of oxygen consumption of postdiapausc eggs 



Fjgs. 4-6. Figure 4, changes in the rate of oxygen consumption of i-day eggs subsequent to im¬ 
mersion in hypertonic solutions. Figure 5, changes in the rate of oxygen consumption or 5-day eggs sub¬ 
sequent to immersion in hypertonic solutions. Figure 6, changes in the rate of oxygen consumption of 
diapause eggs subsequent to immersion in hypertonic solutions. 
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When i-day eggs were placed in hypertonic solutions there was an initial increase in 
the rate of oxygen consumption, the peak being on the fifth and sixth days of exposure 
(Fig. 4); subsequent to the peak there was a decrease. As has been noted earlier in this 
investigation, embryos were formed in all concentrations, but further development de¬ 
pended upon the hypertonicity of the solution (Table 1). If the delay in development is 
compared with the reduction in the rate of oxygen consumption (Fig. 4), it will be noted 
that those solutions which cause the greater retardation also effect a corresponding de¬ 
pression of the oxygen intake. 



Figs. 7-8. —Figure 7, changes in the rate of oxygen consumption of first-day postdiapause eggs sub¬ 
sequent to immersion in hypertonic solutions. Figure 8, changes in the rate of oxygen consumption of 
third-day postdiapause eggs subsequent to immersion in hypertonic solutions. 

When any of the following stages, 5-, 10-, 15-day, and diapause, were placed in hyper¬ 
tonic solutions there was an immediate decrease in the rate of oxygen consumption, the 
rate later tending to become constant. The changes in the rate of oxygen consumption 
of 5-day and diapause eggs are shown in Figures 5 and 6. The amount and rate of the 
decrease in oxygen intake were dependent upon the physiological stage of the cells at the 
time when the eggs were subjected to the hypertonic solutions. This is well illustrated 
by the effects of 10 N on 5-day eggs (Fig. 5) and of 20 N on diapause (Fig. 6). The cells 
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of 5-day eggs axe in a period of active differentiation while those of the diapause eggs are 
in a state of quiescence owing to a developmental block. There was a marked decrease 
in the rate of oxygen consumption of 5-day eggs in 10 N although only a slight one was 
noted for diapause eggs in 20 N. The effects of hypertonic solutions on the amount of 
oxygen consumed by 10- and 15-day eggs were intermediate between those found for 
5-day and di a p a ' lfiP eggs. A general retardation of development of the prediapause eggs 
in hypertonic solutions was noted at the end of the experiment. . _ > 

The rate of oxygen consumption of postdiapause eggs in hypertonic solutions varied 
considerably, depending upon the concentration of the solution and the stage of develop¬ 
ment (Figs. 7 and 8). There was a marked difference in the rates of oxygen intake of 



Fig. 9.—Changes in the rate of oxygen consumption of 15-day eggs immersed in hypertonic solutions 
for ao days and then transferred to N; arrow indicates time of transfer. Exposure time on reduced scale. 

postdiapause, diapause, and prediapause eggs in hypertonic solutions. This is to be noted 
when the rates of diapause eggs in 2, 5, and 20 N, as shown in Figure 6, and the rates of 
postdiapause eggs in 2,3, and 20 N, as shown in Figures 7 and 8, are compared. It is to 
be remembered that postdiapause eggs have much higher rates of oxygen consumption 
than diapause ones. The differences in the rates of oxygen intake of postdiapause eggs 
in hypertonic solutions become much greater when later stages are dehydrated. The dif¬ 
ferences between the rates of oxygen consumption of postdiapause eggs in 2 and in 3 N 
is nearly as great as the difference between the rates of similar eggs in 3 and in 20 N. 
First-day postdiapause eggs in 3 and in 10 N consume oxygen at similar rates (Fig. 7) 
while 3-day postdiapause eggs in 3 and in 5 N utilize oxygen at widely separated rates 
(Fig. 8). The cause of these differences may be found in the increased size, activity, and 
water content of the older embryos. Any marked reduction of the water content, thus 
affecting the metabolic activity, would tend to depress the rate of oxygen consumption. 
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THE EFFECTS OF PEHYDRATION-SEHYDBATION ON OXYGEN CONSUMPTION 

The recovery of dehydrated prediapause and diapause eggs after rehydration has been 
noted earlier in this report (Table 3). The present experiment was conducted in an at¬ 
tempt to correlate the changes in susceptibility with the changes in the rate of oxygen 
consumption. Five stageB of development (1-, 5-, 10-, 15-day, and diapause) and four 
concentrations (5, to, 13, and 20 N) were used. The lengths of exposure were 5, 10, 15, 



Figs. io~i 3.—Figure io, changes in the rate of oxygen consumption of i-day eggs immersed in hyper¬ 
tonic solutions for 5 days and then transferred to N; arrow indicates time of transfer. Exposure time on 
reduced scale. Figure n, changes in the rate of oxygen consumption of 10-day eggs immersed in hyper¬ 
tonic solutions for 5 days and then transferred to N; arrow indicates time of transfer. Exposure time on 
reduced scale. Symbols as in Figure 10. Figure 12, changes in the rate of oxygen consumption of diapause 
eggs immersed in hypertonic solutions for 5 days and then transferred to N; arrow indicates time of trans¬ 
fer. Exposure time on reduced scale. Symbols as in Figure 10. 

and 20 days. Following exposure to hypertonic solutions, the eggs were transferred to N. 
The responses of the dehydrated eggs to rehydration were dependent upon (1) the degree 
of dehydration, (2) the stage of development when dehydrated, and (3) the effect on dia¬ 
pause. Typical results have been chosen to illustrate these points. 
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The degree of dehydration was dependent upon the hypertonicity of the solution and 
the length of exposure (see Thompson and Bodine, 1936). There is, moreover, a corre¬ 
sponding depression in the rate of oxygen consumption (Figs. 4-8). If the rate of oxygen 
intake of eggs, while in a hypertonic solution, fell below 0.04 mm. 3 /egg/hour (indicative 
of a great water loss) death of the eggs usually resulted. Such eggs, when transferred to 
N, consumed oxygen at a much higher rate (Fig. gC, D). However, if the rate of oxygen 
consumption did not drop to such a low level, transfer to N was followed by an increase, 
later giving way to a decrease (Fig. gA, B). 

Rehydration of dehydrated eggs always elicited an increase in the rate of oxygen in¬ 
take. In most instances this increase was followed by a decrease, the amount and rate 
of which were dependent upon the stage of development attained by the eggs prior to 
dehydration. If 1- and 5-day eggs were placed in hypertonic solutions and later trans¬ 
ferred to N, then the decrease in the rate of oxygen consumption which followed the 
initial increase was quite marked (Figs. 10 and 11 A, B,D). Such a decrease was slight 
or entirely absent if more advanced stages were used (Figs. qA, B and 12^1, B). In such 
cases the rate of oxygen intake eventually became constant. When the eggs were ex¬ 
amined at the end of the experiment it was noted that most of the embryos had developed 
to the diapause condition. 

The abbreviation or elimination of diapause by dehydration-rehydration noticeably 
affected the rate of oxygen consumption. Following rehydration there was a rapid in¬ 
take of oxygen, the increase later becoming more gradual (Figs. 11C and 12C, D). Upon 
examination of the eggs at the end of the experiment, the developing postdiapause em¬ 
bryos responsible for the higher rates of oxygen consumption were noted. 

DISCUSSION 

The development of the embryos of M. difiercntialis is retarded when the eggs are de¬ 
hydrated, the rate of growth being inversely related to the hypertonicity of the solution. 
Ludwig (1936) found that the duration of the pupal stage of Popittia japonica was in¬ 
creased by desiccation, this increase being inversely proportional to the water content of 
the pupae. The prolongation of development of grasshopper eggs gradually merges into 
a cessation of growth, this depending upon the embryonic stage and the concentration 
of the solution in which the eggs are immersed. Some embryonic growth is manifested in 
each of the hypertonic solutions (Table 1) although the percentage of embryos appearing 
in each concentration may differ (Fig. 1). Development in hypertonic solutions appears 
to be conditioned by the amount of water in the egg; cessation of growth occurs when the 
water content of the egg is lowered below a level sufficient to sustain further develop¬ 
ment. Bodine (1929) found that there was a corresponding increase in the water content 
of the egg as development progressed. From this it follows that a concentration which 
would dehydrate an egg rapidly would also effect a cessation of development more quick¬ 
ly. If the hypertonirity were less, development would continue at a retarded rate until 
there was an insufficient amount of water in the eggs to sustain further growth. 

It is interesting to note that eggs of Anisoplia austriaca are able to extract water from 
4 per cent NaCl, 2 per cent KNO a , and 2 per cent BaCL (Kerenski, 1930). It is not like- 
ly that eggs of U . differentialis are able to remove water from a hypertonic solution since 
a loss of turgidity has been noted following such treatment. Thompson and Bodine 
(1936) found that the postdiapause eggs of the grasshopper lose water to hypertonic solu¬ 
tions, the dehydration being rapid at first and then more gradual. 
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Recovery of dehydrated eggs, following rehydration, is dependent upon the physiologi¬ 
cal state of the egg when dehydrated and the concentration of the salt solution. The re¬ 
sistance of grasshopper eggs to dehydration has been determined, the order being (maxi¬ 
mum to minimum): diapause, 15-, 10-, 1-, and 5-day eggs. Similar results have been 
found following irradiation (Evans, 1935,1936). One of the probable factors concerned 
with the change in susceptibility is the activity of the cells. Diapause is a state of quies¬ 
cence in which cellular activity is at a minimum. Slifer (1931) has shown that there is 
little or no mitotic activity in diapause embryos although such activity is extensive in 
prediapause ones. Slifer did not extend her investigation to postdiapause embryos but 
it is certain that such embryos would contain many dividing cells. Active differentiation 
is taking place with the formation of the embryo. It is during this period of active dif¬ 
ferentiation that the eggs are most susceptible to hypertonic solutions. 

Ludwig (1936) noted that larvae of P. japonica could withstand a greater degree of 
dehydration when such water loss was not rapid. Although the eggs were not weighed in 
the present investigation, it is possible to compare the effects of different concentrations. 
In general the recovery is greater even after long exposures (20 days) to 5, 7.5, and 10 N 
than after short exposures (4 days) to 15 and 20 N. 

Thompson and Bodine (1936) found that postdiapause eggs were usually killed after 
a water loss exceeding 2.5 mg. Such eggs, upon transfer to isotonic solution, became very 
swollen, the egg membranes frequently being ruptured. In the present investigation 
swelling and bursting have also been noted following rehydration of dehydrated eggs, the 
rupturing of the egg membranes occurring most frequently when 5-day eggs were so 
treated. Since the cuticle is secreted even when the eggs are in hypertonic solutions, this 
effect on 5-day eggs does not appear to be caused by the condition of the cuticular layers 
unless dehydration affects the thickness or some other characteristic of the white layer. 
It is not likely that the secretion of the white layer has progressed far in 5-day eggs. 
Secretion of this layer begins on the seventh day at 25 0 C. (Slifer, 1937). 

In considering the effects of hypertonic solutions it is to be noted that eggs in various 
morphological stages behave differently. It is doubtful that these results are attributable 
entirely to the physiological state of the eggs. The effect of these solutions on the yolk 
is also to be considered since the yolk plays an important role in the environment of the 
embryo. The yolk/embryo ratio is extremely large in early prediapause, becoming very 
small in late postdiapause. Dehydration of the eggs might render the yolk cells incapable 
of liquefying the yolk and thus preventing its assimilation by the embryo. In such cases 
loss of water would lend to inhibit the development of the embryo. 

The extent of development of postdiapause eggs in hypertonic solutions appears to be 
dependent upon the amount of water present. Adolph (1933) suggests that muscular 
contraction involves translocation of water. It is, therefore, quite possible that the de¬ 
gree of dehydration would tend to regulate the blastokinetic process. The findings, con¬ 
cerning the development of postdiapause eggs in hypertonic solutions, would serve to 
add credence to the above argument. 

Previously only a reduction in the rate of oxygen consumption has been noted when 
eggs of M. differentialis were dehydrated (Bodine, 1933, 1934; Thompson and Bodine, 
1936). The results of this investigation agree with the above findings where the data are 
comparable; however, an increase occurs in the oxygen intake of both r-day eggs in all 
concentrations and of later postdiapause eggs in 2 and 3 N solutions. Bodine (1933) has 
suggested that the effects of hypertonic solutions are largely osmotic since NaCl solu- 
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tions, of the same osmotic pressure as the hypertonic balanced salt solutions, produced 
s imilar depressions in the rate of oxygen consumption. 

Rehydration of dehydrated eggs is always followed by an increase in the rate of oxy¬ 
gen intake. The amount of oxygen consumed is dependent upon whether or not the ef¬ 
fects of dehydration are reversible. Eggs which have been killed by dehydration usually 
possess a very high rate of oxygen consumption when rehydrated, this probably being 
caused by the actions of molds and bacteria. Irreversible results occur after the eggs have 
lost an excessive amount of water (see Thompson and Bodine, 1936). Depression of the 
rate of oxygen consumption by hypertonic solutions may be used as an index to irreversi¬ 
bility (Bodine, 1933). Any reduction of the water content of prediapause eggs, which 
lowers the rate of oxygen intake to 0.04 mm. 3 /egg/hour, seems to be a sufficient water 
loss to prevent recovery. 

SUMMARY 

Retardation is noted when eggs are dehydrated, development continuing as long as the 
eggs contain a sufficient amount of water to sustain growth. 

Five-day eggs are the most susceptible to hypertonic solutions, diapause the most re¬ 
sistant. 

Dehydration-rehydration may serve to shorten or eliminate the developmental block. 
The secretion of the yellow and white layers of the cuticle is not prevented by hyper¬ 
tonic solutions. 

The rate of oxygen consumption of i-day eggs, in hypertonic solutions, increases for 
5 days before a decrease is noted. Dehydration of other prediapause stages results in an 
immediate decrease in the rate of oxygen intake. 

The differences in the rates of oxygen consumption of eggs, in the various hypertonic 
solutions, are largely dependent upon the initial stage of the eggs. 

Rehydration of dehydrated eggs results in an increase in the rate of oxygen intake, this 
increase usually being followed by a decrease. 
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A STUDY OF THE MECHANISM OF CYANIDE INHIBITION: 

I. EFFECT OF CONCENTRATION ON THE EGG OF 
MELANOPLUS DIFFERENTIALIS 1 
(Seven figures) 

W. A. ROBBIE, E, J. BOELL, AND J. H. BODINE 
Zoological Laboratory, State University of Iowa 

R ESULTS obtained from studies of the depressing action of cyanide on the respira¬ 
tion of animal cells and tissues have teen used by Warburg (1928) in support 
- of a theory that respiration is due primarily to an activation of oxygen by an 
iron-containing enzyme. A complete discussion of this subject is found in Warburg’s 
original works (1928) and in reviews by Dixon (1929) and Meldrum (1934) to which the 
reader is referred. 

The present experiments have been designed primarily to determine the variations in 
cyanide sensitivity of the respiratory mechanism of grasshopper eggs using a manometric 
technique relatively free from difficulties ordinarily inherent in such work. 

MATERIAL AND METHODS 

Eggs of the common grasshopper, Mdanophts differentidis, with a known temperature 
history and of a known chronological and morphological age, were used throughout. 
Eggs studied during the prediapause and diapause periods of development were kept at 
25° C. in the pods in which they were laid until they were desired for use. Those em¬ 
ployed in the postdiapause determinations were kept in the pods at 25° C. until well into 
the diapause period at which time they were placed at io° C. to break the diapause 
block. After two months or more at this temperature they were returned to 25° C. and 
resumed development as postdiapause eggs. Morphological ages of embryos were 
checked periodically.* 

Measurements of respiration were made with Barcroft-Warburg manometers at 25° C. 
The number of eggs used in each determination varied from 35 to 200 depending upon 
the stage of development. 

In cyanide experiments carried out by many of the earlier investigators the tissues or 
cells to be exposed were placed in a manometer flask with unneutralized KCN, using 
KOH as the CO a absorbing medium in the center well. Later Dixon and Elliott (1929) 
neutralized the cyanide to eliminate pH effects. With either of these techniques HCN 
gas distilled over from the suspension medium to the KOH in the center well, resulting 
in a rapid decrease of active HCN in the system. To avoid this difficulty some investi¬ 
gators replaced the KOH center well solution with one of KCN or NaCN sufficiently 
concentrated to absorb all of the CO, produced, and, because of its positive HCN ten- 

* Aided by a grant from the Rockefeller Foundation for research in rellnlpr physiology. 

* In this paper development is always considered as days at 25 0 C. since the morphological stages of 
development have been described by Slifer (1932) in such terms. For details concerning diapause and 
the physiology of blocked and developing eggs see Slifer (1932), Bodine (193a), Bodine and Boell (1934), 
and Boell (193s). 
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sion, to prevent any absorption of HCN from the suspension medium (Schmitt and 
Schmitt, 1931). Since this practice sometimes resulted in an increased HCN content of 
the fluid in which the cells or tissues were immersed, van Heyningen (1935), following 
Krebs (1935)1 employed as the center-well absorbing medium a mixture of KCN and 
KOH of such proportions that the HCN tension was equal to that of the immersion 
fluid. 

To check the efficiency of these methods of exposure to cyanide for the present investi¬ 
gations, three sets of experiments were carried out, the results of which are shown graphi¬ 
cally in Figure r. In Experiments A and B one hundred 18-day prediapause eggs were 
run in each manometer with 3 cc. of 0.0025M KCN as the experimental fluid; the center- 
well solutions used are indicated in the explanation of the figure. At the end of a 3-hour 



HOURS 

Fig. 1.—Comparison of techniques in the use of cyanide. (A) Arrow indicates the time at which the 
eggs were removed from the cyanide, washed, and returned to the manometers. (B) Eggs left in cyanide 
solutions continuously. (C) Variations in cyanide concentration in manometers containing same solutions 
as A and B but no eggs. Initial concentration of KCN — 0.0025M. X = control; eggs in water, 10 per 
cent KOH in inBCt. A — unneutralized KCN, 10 per cent KOH in inset. + — KCN neutralized in pH. 
7.0, 10 per cent KOH in inset. ■ “ 0.0025M neutralized KCN as experimental fluid, 0.5M KCN in 
inset. O ” 0.0025M neutralized KCN as experimental fluid, balanced KCN-KOH mixture in inset. 

exposure to the KCN the manometer flasks in Experiment A were removed, the eggs 
washed, returned to the flasks with water as the suspension medium, and replaced in the 
bath. The flasks in Experiment B were not removed, the eggs remaining continuously 
in cyanide. 

Chart C of Figure x shows the results of an analysis of cyanide concentration existing in 
the experimental fluid at various times after the start of the exposure. In the determina¬ 
tion of each of the curves solutions similar to those used in A and B but containing no 
eggs were put in seven manometer flasks. These were then placed in the 25 0 C. water 
bath and shaken just as in Experiments A and B. At f-hour intervals a manometer was 
removed and duplicate samples of the experimental fluid in the flask were analyzed by 
the method of Smith (1929). 
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An inspection of the curves shows that those eggs left continuously in cyanide solu¬ 
tions with KOH in the center well (Fig. 1 B) recover about as quickly as those which are 
removed and washed at the end of a 3-hour exposure (Fig. iX). This is apparently due 
to a diminished concentration resulting from the distillation of HCN to the KOH in the 
center well. With neutralized KCN less than 30 per cent of the cyanide originally present 
remains after the experiment has been run for an hour (Fig. iC). The same graph shows 
that the cyanide concentration in the manometer flask containing strong unbalanced 
KCN center-well solution is 120 per cent of the original value at the end of 2 hours and 
140 per cent within 6 hours. With the balanced KCN-KOH center-well solution recom¬ 
mended by Krebs and van Heyningen for 0.0025M KCN, the concentration at the end 
of the 6-hour period is 100 per cent of the original value, and during this lime it does not 
vary more than 10 per cent (Fig. iC). 



0 10 20 30 40 5 0 7 5 125 175 O 10 20 

DAYS OF DEVELOPMENT 


Fig. 2.—Variations in cyanide sensitivity during embryonic development. Left-hand ordinate icpre¬ 
sents 0 » consumed by control eggs (X). Right-hand ordinate shows percentage residual respiration of 
eggs treated for three hours with 0.001M KCN (O). Abscissa denotes days of development at 25° C. 
Prediapause period from 0 to 20 days; diapause from 21 days to arrow (diapause here teiminuted arti¬ 
ficially as indicated in text); postdiapause period from o to 17-19 days (hatching). Each symbol repre¬ 
sents an average value for the day indicated. Chart includes more than 250 experiments. 

Difference in the recovery of eggs treated according to the technique of Schmitt and 
that of Krebs may indicate that the use of strong unbalanced KCN center-well solutions 
for exposures as short as 3 hours is an unsafe procedure. 

The balanced center-well solutions recommended by Krebs (193s) have been used in 
all of the experiments described in this paper except in the preliminary ones indicated 
above. All of the work was carried out at a temperature of 25 0 C. and the exposures to 
cyanide, u nl ess otherwise indicated, have been for periods of 3 hours. 

PREDIAPATJSE PERIOD 

Residual respiration of the egg in 0.001M KCN (Fig. 2) varies from 100 to 80 per cent 
of the control value during the sixth to the tenth day of development, but on the twen- 
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tieth day is only 30 per cent of the original level. 3 This increasing sensitivity to the ac¬ 
tion of cyanide as the egg grows older may be correlated with the increasing size of the 
embryo and the changes in the yolk cells during the prediapause period. 

Following the twentieth day the cyanide sensitivity decreases to the diapause level. 
Figure 2 also indicates that the prediapause change in sensitivity is perhaps related to 
the course of normal O a uptake for the eggs. As the normal respiration of the egg in¬ 
creases with development the depressing effect of cyanide becomes more pronounced. 
Correspondingly, when the normal respiration decreases with the onset of diapause, the 
action of cyanide becomes less noticeable. This relationship of sensitivity and respiration 



Fig. 3. —Exposure to and recovery from cyanide at different stages of development. Ordinates repre¬ 
sent oxygen consumption in MM* per egg per hour. Abscissae show the days of development. First 
numeral on abscissae shows age of eggs when cyanide was applied. Days marked with (*) indicate post- 
diapause age. X ■* control; A “ 0.0005M KCN; O * 0.0025M KCN; ■ ■» 0.01M KCN. Cyanide 
removed at arrow after 3-hour exposure. 


level is shown also by Figure 5. Buchanan (1926) has similarly found that with Planaria 
a relatively greater depression is produced by cyanide as the rate of oxygen consumption 
increases. 

Eighteen-day eggs are not only more depressed than those at the ioday stage, but 
their recovery from exposure to cyanide is less rapid (Fig. 3). The former group treated 
for 3 hours at 25 0 C. with 0.01M KCN have recovered to 15 per cent of the original level 
of respiration at the end of 48 hours; the latter group have completely recovered by that 
time. 

As one would expect, stronger concentrations of KCN depress respiration more than 

* Whether them is a significant change in response after the formation of the chitinoua cuticle on the 
sixth day (Slifer, 1937) is being investigated. 
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do weak ones. For the eighteenth day of prediapause development (Fig. \A) the average 
residual respiration for 2 hours of a 3-hour exposure to concentrations of 0.01M-0.0005M 
KCN varies in a regular manner from 8.6 to 51*3 per cent of the control value. 

DIAPAUSE PERIOD 

As pointed out in the preceding section the sensitivity to cyanide is markedly lessened 
when the egg enters the diapause or block period and the normal respiration decreases 

to the diapause level. This is shown graphically 
in Figure 2. A comparison of A and B in Figure 4 
shows that 0.01M KCN does not have as great 
a depressing effect on diapause eggs as 0.0005M 
KCN has on 18-day prediapause ones, although 
the former solution is twenty times as concentra¬ 
ted as the latter and the two stages are very 
similar morphologically. 

The effect of concentration on the diapause 
egg is graphically seen in Figure 4 B. Residual 
respiration levels for concentrations of KCN 
varying from 0.01M to 0.0005M range from 54.7 
per cent to 92.1 per cent of the control value. 
Diapause eggs behave similarly to those at the 10- 
day prediapause stage by recovering completely 
from a 3-hour exposure to 0.01M KCN within 48 
hours (Fig. 3). 

Responses of different lots of diapause eggs 
to KCN show considerable variation. From 
Figure 2 it may be seen that the residual respi¬ 
ration of eggs exposed to 0.001M KCN varies 
from 28 to 124 per cent of the control value. Al¬ 
though eggs in diapause are all at the same mor¬ 
phological stage of development, their sensitivity 
to cyanide seems to vary with the normal level of 
Fig. 4. — Effects of various concentra- respiration in a manner similar to that of predia- 
tions of KCN on prediapause and diapause pause eggs (Figs. 2 and 5). Those lots of eggs 
thr *'Jj ours at which respire at low levels are very resistant to 

hours of this period. Ordinates represent ^on of o.OOlM KCN, while the ones With 
percentage residual respiration, abscissae comparatively high respiratory rates may be 
show concentration of KCN x io-*. Each depressed more than 80 per cent. The greatest 

ST 1 ' ** 'f iod ° f 

of 70-iaixiay diapause eggs. developmental block occurs between the twen¬ 

tieth and twenty-fifth days. This may be due 
to the fact that the level of respiration during the onset of diapause is higher than 
that, characteristic of the diapause period in general. The indications are tha t cyanide 
sensitivity dining both the diapause and the prediapause periods may vary directly with 
the respiratory rate. The curves in Figure 5 should not be considered as being in any 
way absolute boundaries between a cyanide-sensitive and a cyanide-insensitive portion 
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of the respiration of the egg, as stronger concentrations of KCN produce further de¬ 
pression of the respiration in a still readily reversible fashion. 

This increased cyanide sensitivity of eggs with a high respiratory rate as compared 
with those with a low rate might indicate that the potency of the diapause block is not as 
great in the former type of eggs as in the latter (Bodine and Boell, 1937). The increased 
respiration seems not to be associated with any visible morphological changes of the 
embryo, but may represent some type of physicochemical change similar to that which 
Runnstrom (1930) has suggested occurs in the sea urchin egg during transition from the 
unfertilized to the fertilized state. 



Fig. 5. —Curves showing variation in sensitivity to cyanide with variation in magnitude of respiratoiy 
rate. Ordinate represents percentage residual respiration; abscissa, respiratory rate. All eggs exposed for 
3 hours at 25° C. to 0.001M KCN. 

The similarity of response of 18-day prediapause and postdiapause eggs, and 10-day 
prediapause and diapause eggs (Figs. 2,3, and 6) might suggest that there are two types 
of respiratory mechanisms active during embryonic development, one of which accounts 
for most of the respiration of the former group, the other for that of the latter. The 
stages between the tenth and eighteenth prediapause days and those diapause lots which 
have a higher respiration and are more sentitive to KCN than the normal may represent 
a combination of these two mechanisms. An investigation of this phase of the problem 
is being carried out at the present time. 

POSTDIAPAUSE PEEIOD 

After the diapause block has been destroyed by exposure to low temperature and the 
eggs are again placed at 25° C., development is resumed and the respiratory rate rises 
rapidly. This is indicated graphically by the lower curve in Figure 2. The course of this 
curve representing normal egg respiration confirms the work of Bodine (1929) and 
Boell (1935). 
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It has been previously shown by Bodine (1934) that a marked susceptibility to KCN 
follows the ter mination of the diapause period. Confirmation of this is seen in the effect 
of 0.001M KCN on eggs treated within 24 hours of removal from the low temperature. 
Eggs so treated show a greater depression of respiration than any of those diapause eggs 
exposed to cyanide after the twenty-fifth day from laying (Fig. 2). 

From the results of experiments graphically represented in Figures 2 and 6 it may be 
that no significant change in sensitivity takes place during the postdiapause 



Fig. 6.—Effect of concentration of KCN. Points represent averages of experiments run with many 
different lots of eggs. All exposures were for three hours at 25° C. ■ = 10-day prediapause eggs; 
O « 18-day prediapause; A * diapause; + — 0-9-day postdiapause age; X 31 9-18 day postdiapause. 



Fig. 7.—The effect of cyanide on time of hatching of eggs treated on zero postdiapause day (A), 
seventh day (2?), and seventeenth day (Q. X ■■ control; A « 0.0005M KCN □ « 0.001M KCN; 
O - 0.005M KCN, ■ — 0.01M KCN. All exposures for 3 hours at 25 0 C. Ordinates represent number 
hatching; abscissae, postdiapause age. 

period. The level of residual respiration as percentage of the control value in the various 
concentrations of cyanide employed is about the same throughout the period as at the 
eighteenth prediapause day. 

Recovery of respiration after exposure of the eggs to cyanide proceeds more rapidly 
during the latter part of the postdiapause period than at the start (Fig. 3), but the delay 
in hatching caused by exposure is similar for eggs treated on the zero day of postdiapause 
development and those treated on the sixteenth day (Fig. 7). Those treated with 0.01M 
KCN hatch about a week later than the controls. The number of embryos which hatch 
is apparently not a good indication of the effect of cyanide on development; the embryos 
of those eggs treated after the middle of the postdiapause period, although delayed, 
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progress in most cases to the morphological state typical of the eighteenth postdiapause 
day, but they seem to be unable then to escape from their shells. The fact that as many 
as 40 per cent of the postdiapause eggs treated for 3 hours at 25° C. with 0.01M KCN 
do hatch, and are able to live after hatching, shows that this concentration is at least 
partially reversible under these conditions. 

SUMMARY 

1. A study has been made of the effect of cyanide on the respiration of the egg of the 
grasshopper, M. differentialis, throughout its embryonic development, using the tech¬ 
nique developed by Krebs and van Heyningen. 

2. Methods of exposure to cyanide and their suitability for physiological uses are dis¬ 
cussed. 

3. An increasing sensitivity of eggs to cyanide is noted from the time of laying until 
the onset of diapause. Sensitivity to 0.001M KCN then decreases rapidly to a diapause 
level about 55 per cent less than the prediapause maximum . 

4. During both the prediapause and the diapause periods the sensitivity seems to 
vary directly with the normal respiratory level of the eggs. 

5. After diapause has been terminated by exposure to low temperature the sensitiv¬ 
ity rises to about the same level as the prediapause maximum , and remains constant at 
this level. 

6. Concentrations of KCN varying from 0.0005M to o.oxM show a progressively 
powerful action in depressing respiration. At the eighteenth prediapause day the in¬ 
hibition produced by this range of KCN concentrations varies from 45 to 90 per cent of 
the control value. For the postdiapause period the range is from 47 to 92 per cent. 

7. Ten-day prediapause and diapause eggs behave similarly toward cyanide, the in¬ 
hibition varying from 14 to 57 per cent over the concentration range 0.0005—o.oiM. 

Curves showing recovery after exposure to KCN are given for prediapause, diapause, 
and postdiapause eggs. 

9. A 3-hour exposure to KCN delays the time of hatching from a day to a week de¬ 
pending upon the concentration employed and regardless of the postdiapause age at the 
time of the application. This is true even if the exposure is made on the day immediate¬ 
ly preceding that on which hatching normally occurs. 

10. Three-hour exposures to 0.01M and 0.005M KCN result in a lowered percentage 
hatch, but the fact that 40 per cent or more of the control value of eggs hatch when 
treated with the former concentration shows that for this duration of exposure the dose 
is at least partially reversible. 
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COMPARISON OF QUANTITATIVE PRECIPITIN TECHNIQUES 
AS INFLUENCED BY INJECTION PROCEDURES 
(Seven figures) 

HAROLD WOLTE AND JOSEPH G. BATER, JR. 

Department of ZoSlogy, University of Wisconsin 

T HE specificity of the precipitin reaction has been found to be altered by con¬ 
tinued injections of antigen, Magnus demonstrated this in 1908 using plant 
tissue extracts. Lake, Osborne, and Wells in 1914 showed that, when purified 
vegetable proteins were used as antigens, the specificity of the resulting immunological 
reactions, as measured by precipitin, anaphylactic, or complement fixation tests, was 
altered by continued injections. Satoh (1933) distinguished between prtizipitingehait and 
prUzipitintitcr and found the number of injections affected the former considerably. Anti¬ 
sera produced by the larger number of injections were less specific and were not so easily 
affected by higher dilutions as were the antisera resulting from fewer injections. Hooker 
and Boyd (1934) using crystalline albumen of duck and hen eggs found that earlier 
bleedings exhibit more specificity than later bleedings. 

Quantitative studies of the effects of injection procedures on the serum precipitin re¬ 
action have been reported by Wolfe (1935,1936). In these experiments he used rabbits 
as antibody builders and the serum proteins of various Tntmnma1ia.n bloods as antigens. 
When small quantities (2-3 cc.) of undiluted serum proteins were injected in three doses 
into rabbits, the resulting antisera were more specific than those produced by injections 
of 10 cc. or more in five to ten injections. Antisera produced by the former method usual¬ 
ly yielded higher titered reactions but seldom gave “extra-group” response. Reinjections 
of the animals with 1.5 cc. of undiluted homologous antigen at intervals of a month or 
more resulted in the production of aspecific precipitins, but reinjections with minute 
quantities restored the antibody content of the blood without affecting the quality of the 
precipitins. These data were believed to be of especial importance to the serologist who 
is interested in studies of animal or plant relationships. Greater uniformity of results 
could be expected when injection procedures were controlled and the value of the pre¬ 
cipitin test in studies on phytogeny would be enhanced. 

If the antisera were produced by injections of the smaller quantity of antigen or by 
reinjections of minute quantities, the ring-test titers were found to be much higher than 
the flocculation titers after 1 hour of incubation at 37.5° C. ± 1. It was also noted that 
the amount of the precipitate of an antigen-antibody mixture, as determined macroscopi- 
cally, varied with the amount and number of injections. Increased quantities of antigen 
injected into a rabbit and additional series of reinjections of undiluted antigen resulted in 
greater amounts of precipitate in the tests performed in vitro. There was no noticeable 
correlation between “ring-test” titer and precipitate formation. The interfacial titer 
reached a maximum after one or two injection series, but the precipitating power seemed 
to increase with each reinjection of undiluted antigen. 

There are various quantitative methods for studying the precipitin reaction. The more 
accurate ones employ measurements of the precipitate by (1) direct volumetric deter- 

Vol. XI, No. 1, January, 1938] 63 



64 


HAROLD R. WOLFE AND JOSEPH G. BAIER, JR. 


mination, (2) dry-weight measurement, and (3) nitrogen analysis. The greater reliabil¬ 
ity of one technique over the other has not been established to the satisfaction of all 
workers. All these techniques are different expressions of the amount of precipitate 
formed, and this, it is assumed, is an index of the quantity of antibody present in an anti¬ 
serum. It is known that the precipitate consists of antigen and antibody. Therefore, in 
an antigen-antibody system, at points of optimal proportions where the supernatant 
fluid contains practically no antigen or antibody, if the antigen is constant and the 
amount of precipitate varies, it is an indication of the variance in the amount of anti¬ 
body. 

Theoretical considerations of the precipitin system have been made by Heidelberger 
and his co-workers. They have employed various simple antigens and have concluded 
that the reaction follows the law of mass action. Heidelberger, Kendall, and Soo Hoo 
(1933) reported the effects of successive courses of injections on the precipitin content 
of the rabbit’s blood. They found two types of response. In one type of response the 
rabbit’s blood reached a relatively low but maximum content with one course of injec¬ 
tion, and a second type of response occurred in which the precipitin content increased 
with successive courses to a maximum. Their data almost entirely substantiated their 
first point. Taylor, Adair, and Adair (1934) and Heidelberger and Kendall (1935) re¬ 
ported effects of more than one course of injections. The latter authors concluded from 
their results and the results of Taylor, Adair, and Adair that “the sera exhibited pro¬ 
gressive changes.These changes are believed to consist in the formation of more 

and more antibody capable of reacting with a larger number of chemically different 
groupings in the antigen molecule.” These results can be readily understood and are not 
unexpected, for the rabbits were injected for long periods of time with a comparatively 
large amount (total) of antigen. The greatest possible antibody response should be ex¬ 
pected with such treatment. The studies did not include the earlier stages of precipitin 
formation in the rabbit. 

Baier (1933) has been able to show graphically the relations of antigen and antibody 
in the precipitin reaction and in what respect various chemical and physical agents may 
modify their interaction. The technique employed in this study was reported by Boyden 
and Baier (1929) and is concerned with volumetrically measuring the amount of precipi¬ 
tate formed in the reaction between known amounts of an antigen with its specific anti¬ 
serum by means of Van Allen thrombocytocrits. They have shown their quantitative 
volumetric technique to be fairly simple, rapid, and statistically reliable. 

The purposes of the research work described in this report are to show, by the use of a 
volumetric quantitative technique of known accuracy, (1) the effects of injection pro¬ 
cedures on the precipitating power of antiserum from the initial appearance of antibody 
through successive courses of injections, (2) a comparison of the volumetric precipitate 
formation and ring-test titer, and (3) a correlation of these results with previous work. 

MATERIALS AND METHODS 

Sterile buffered saline solutions of egg albumen, beef oxyhemoglobin, and the albumen 
and pseudoglobulin fractions of pig and dog sera were used as antigens and injected into 
healthy rabbits. The initial series of injections consisted of three doses given on alternate 
days; the first dose consisting of 0.5 cc. and the total amount 3 cc. If the titer (“ring” 
test) was then sufficiently high, the animals were bled 12 days after the last injection. 
Then, at intervals of a month or longer, the animals were given repeated series of rein- 
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jections, each series consisting of 1.5 cc. of undiluted homologous antigen administered 
in two doses on alternate days. Ten days after the last series of reinjections, the animals 
were bled. In several cases the animals were also bled just previous to each reinjection 
series. 

The protein content of the solutions used was determined by the modified Macro- 
Kjeldahl method and was based on the total nitrogen content. The antigens varied from 
0.94 to 5.11 gm. protein per 100 cc. of solution, and this was considered the undiluted 
antigen. Two per cent standa r d solutions (1:50 dilution of the undiluted antigen with 
buffered saline) were made, and for ring-test titers and volumetric determinations these 
solutions were used in serial dilutions. The crystalline egg albumen was prepared accord¬ 
ing to the method of Hopkins and Pinkus (1898), and the oxyhemoglobin after the meth¬ 
od of Marshall and Welker (1913). The individual proteins of the blood serum were frac¬ 
tionated by the procedures described by Hektoen and Cole (1927). 

Each rabbit was given a definite number, and the initial antiserum obtained was num¬ 
bered similarly. The letter “A” was added to this number to indicate that the blood was 
taken from the rabbit after a rest period of 30 or more days and the number “1” added 
if the animal had been reinjected 10 days previously. Thus antiserum d*i52-Ai was from 
a male rabbit bled for the third time and taken 10 days after the second injection series. 
The sera were stored in ampules after sterile filtration and kept at lowered temperatures. 

Reactions were determined only for homologous antigens. The term “titer” when used 
in this paper refers to the ring-test titer, while the term “precipitating power of an anti¬ 
serum” refers to the production of a volumetric measurable amount of precipitate in an 
antigen-antibody mixture. To understand the volumetric data as presented in this pa¬ 
per, suppose we interpret the curves from one set of volumetric determinations, such as 
in Figure 3. Beginning at the junction of the abscissa and the ordinate and progressing 
toward the direction of greater antigen dilution (lesser antigen concentration) we can see 
that the volume of precipitate rapidly reaches a maximum and then gradually decreases. 
The part of the curve to the left of the maximum represents the “zone of inhibition,” 
where the antigen, being in excess, has caused a re-solution of the precipitate. The part 
of the curve to the right represents the volume of precipitate obtained when the antigen 
is relatively deficient. The peak of the curve is relatively at a concentration of antigen 
and antibody where neither one is in excess. Therefore, a shift in this peak to the left, 
where the antigen concentration becomes greater, shows an increase in “precipitating 
antibody.” Also, an increase in the amount of precipitate produced shows an increase in 
“precipitating antibody,” so that either one, or both, of these factors may be employed 
in describing the potency of an antiserum in its precipitating power (Baier, 1933, Fig. 6). 

RESULTS 

Table 1 records data on antisera produced by seven rabbits, and exemplifies the meth¬ 
od of numbering of the antisera. Five other rabbits giving similar results are not listed. 
The dates of injections and of bleedings should be correlated with the interfacial test 
titer and with the volumetric method of measuring the precipitate. While antisera of 
very high titer did not necessarily yield a measurable precipitate, precipitating sera al¬ 
ways were of high titer. One injection series often resulted in a maximum titer, but at 
times two series were necessary (especially against hemoglobin) for its production. Fur¬ 
ther reinjections did not raise the titer but usually resulted in an increased amount of 
precipitate as determined by measurements with the thrombocytocrits. It may also be 
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noted that, if a rabbit is not reinjected for a long period of time (a month or more), its 
serum will show a loss of “precipitating power,” but the “titer” will not have decreased 
as greatly. 

TABLE 1 

Experimental data—antigens used and “properties” of antisera 


Antiserum 

Number 


d‘ I 5 S 

-I 

-II 

-11A 

-11A1 

-11A1A 

-11A1A1 

<*■170 

-1 

-11 

-hi 

-mi 

-1111A 

-1111A1 

c?i 5 * 

-1 

-11 

-11A 

-11A1 


9163 
-1 
-11 
-11A 
-11A1 
-11 An 


Antigen Injected and 
Protein Content 


Beef oxyhemoglobin I 
5.11 gm. per 100 cc. 


Date of 
Injection* 


Date of 
Bleeding 


Crystalline egg albu¬ 
men, 4.05 gm. per. 
100 cc. 


Albumen fraction of 
dogserum,3.55gm. 
per 100 cc. 



Pseudoglobulin frac¬ 
tion of dog serum 
0.94 gm. per 100 cc. 



7-i i-351 


3 - i i -35 

4 - 15-35 

5 - ao -35 
8-21-35 
n- 35-35 

2-29-36 


i-H -35 

3 - 23-35 

4 - 1-35 

7-n-35t 

3 - 4-35 

4- 16-35 

5- 20-35 


3 - 4-35 

4 - 15-35 

5 - 22-35 


3 - II -35 

4- 16-35 

5- 20-35 



4 - 15-35 

5 - 18-35 

6- 29-35 
8-6-35 
10-21-35 


3 - 35-35 

4- 38-35 
6-1-35 
8 - 24-35 


* First injection of series. 

t 2 per cent solution injected instead of undiluted antigen. 


Antibeef oxyhemoglobin sera from two rabbits yielded very similar results. It was 
necessary to inject rabbits rfiss and c?i7o with two series of antigens before liey re- 
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sponded with high-titered antisera. Further reinjections with undiluted antigen did not 
increase this value (within the range of error of the test which is one tube). A measurable 
precipitate was obtained after three injections into rabbit 155 and after four series in 
rabbit d”i7°- Figure 1 shows that further treatments with undiluted antigen increased 
the quantity of antibody in the antigen-antibody mixture as indicated by a shift of the 
curve to the left. Figure 2 demonstrates the increased antibody content of series & 1 70 re¬ 
sulting from successive courses of injections, for there is a larger quantity of precipitate 
formed as well as a shift of the peak of the curve to the left. Antiserum d” 15 5-1 x Ai (Ta¬ 
ble 1) was produced by reinjections with a 2 per cent solution, but it did not have any 
precipitating power.” The results obtained with antisera ^155-11 A, cFi55-iiAiA,and 
cfi70-iiixA (Table 1) illustrate the effects that along period of rest, occurring after in¬ 
jections, have on “titer” and “precipitating power.” The type of curve resulting when 
hemoglobin was used as antigen was different from the curves obtained by the use of 
other antigens. Analyses of these differences have not been made. 

Figures 3 and 4 are the precipitate curves for two series of antisera against crystalline 
egg albumen. The initial series of injections in each rabbit produced high-titered anti¬ 
sera without producing measurable amounts of precipitate. Reinjections of the two rab¬ 
bits about a month later with 1.5 cc. of undiluted antigen resulted in antisera that yielded 
much precipitate, but whose titers did not change outside the limits of error of the test. 

Serum c? 1 $ 2-2 gave a much greater precipitate than did 152-1. In order to obtain ac¬ 
curate measurements with d” 152-2, it was necessary to dilute one volume of it with one 
volume of buffered saline (resulting dilution 1:2), for without dilution the thrombocyto- 
crits that were used at the time were not large enough to measure the precipitate obtained 
from a mixture of antibody and antigen at the point of highest precipitate formation. 
The effect of antiserum dilution as seen in the comparison of graphs 9163 undiluted and 
9163 diluted 1:2 (Fig. 5a) is to lower proportionately the amount of precipitate obtained 
volumetrically and to shift the peak to the right without otherwise altering the charac¬ 
teristics of the curve. The peak of the curve for & 152-2 is also much to the left of the 
peak for ^*152-1, even though the former was diluted 1:2. This is similar to the results 
shown in Figures 1 and 2. When the rabbit was bled about 3 months after the d’ 1 152-2 
bleeding, its blood was still of high titer but lacked precipitating power, which was not 
restored with reinjections of 1,5 cc. of a 2 per cent antigen solution. 

The volume of precipitate of 9167-2 and its homologous antigen was considerably 
greater than that of 9167-1 when used undiluted. The former yielded measurable quan¬ 
tities of precipitate when diluted with tliree parts (1:4 dilution) of buffered saline, and 
without dilution the volume of precipitate obtained was so great as to be immeasur¬ 
able. 

Two rabbits were injected with the albumen fraction of dog serum. The initial set of 
injections into rabbit 9163 resulted in a titer of 1:25,600, and four series of reinjections 
with undiluted antigen had no effect on this value. Serum 9163 was the only one that 
yielded a precipitate (Figs, ga and 5 1 ) following one series of injections. The first and 
second reinjection series increased the amount so greatly that the antisera had to be di¬ 
luted in order to allow for volumetric determinations. On the other hand, the third and 
fourth series of reinjections did not increase the quantity of precipitate. Usually the 
measurements of precipitate were made within 2 or 3 months after the antiserum was se¬ 
cured, but in these cases the determinations were made after 18 months had elapsed. At 
the present time it is not known whether or not this result indicates that the precipitating 
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Fig. i. —Antiserum of rabbit c?iss against antigen BH-ioo 



Fig. 2.—Antiserum of rabbit <^170 against antigen BH-ioo 
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Flo. 4.—Antiserum of rabbit 9167 against antigen CE-ai 
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Fig. 5 d -—Antiserum of rabbit 9 163 against antigen DA-i 
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Fig. 7.—Antiserum of rabbit c?is6 against antigen DP-i 
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power of a serum reaches a maximum and cannot be raised above this point, or whether 
other factors, such as age of the antiserum, may affect the results. These factors are 
being studied in further experiments. 

Figure 6 records the precipitating curves for two antisera against the albumen frac¬ 
tion of dog serum, and Figure 7 represents curves for antisera against the pseudoglobulin 
fraction. Again, the effects of reinjection with undiluted antigen have been shown to 
cause an increase in the precipitating power of an antiserum when reacted against its 
homologous antigen, while without reinjection, for a month or longer, this power of the 
rabbit’s serum to form a precipitate decreases (Table 1). 

DISCUSSION 

The experiments have been carried out in two steps. One of the authors injected the 
animals and made the ring-test titers, while the other, not knowing the procedures or 
results of this, made the volumetric determinations. The tabulation and correlation of 
the results showed a noteworthy consistency of the data. Certain facts that have not 
been fully dealt with by other workers were demonstrated in regard to the effect of in¬ 
jection methods on the properties of precipitins. 

It can be observed from a study of any one of the figures that the first precipitating 
antiserum obtained from a rabbit has the highest peak of the curve, showing maximum 
precipitate formation at a point where the antigen dilution is of a relatively low concen¬ 
tration, while the same rabbit serum obtained after a second and third series of injec¬ 
tions shows its point of maximum precipitate formation at a lower dilution (higher con¬ 
centration of antigen). In attempting to explain this, let us recall that the “zone of in¬ 
hibition” is that portion of the curve where the antigen is in excess, and which therefore 
causes re-solution of the precipitate. As a result, the antisera of the second and succeed¬ 
ing injection series must contain a greater quantity of precipitating antibody, for in 
many graphs the “zone of inhibition,” in spite of using diluted antisera, continues to be 
moved toward the left of the graph. That there is no exact correlation between the in¬ 
crease in precipitating power of an antiserum and its “titer” is readily shown from this 
analysis of the curves. This is suggestive that there are two kinds of antibodies produced 
—the “titer”-producing antibody and the “precipitate”-forming antibody. A study of 
this is now being made. 

It is an interesting fact that, with the methods and materials used, the ring-test titers 
early reached a maximum and could not be raised while the volume of precipitate in¬ 
creased with injections of undiluted antigen. Is it possible that the titer could not be 
raised because the amount of protein in the higher dilutions was infinitesimally small? 
The facts clearly demonstrate the differences between the “titer” of an antiserum and its 
ability to precipitate in the presence of varying amounts of an antigen. A very similar 
variation is reported by Wolfe (1935,1936), where an antiserum may at one time have a 
high titer and be very specific toward its antigen but on further injection of the same 
rabbit producing this antiserum still have the same high titer and yet be very aspecific. 

Apparently these methods of study are showing us more conclusively that antisera to 
be comparable must be produced following definite procedures depending upon the 
“type” of antiserum desired. To the zofflogist who is studying animal relationships the 
ring-test method seems most applicable. If such factors as injection procedures and 
protein content of antigen, which was emphasized by Boyden (1926), are taken into con¬ 
sideration, the value of the precipitin test in such studies would be greatly increased. 
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The medicolegal worker would also benefit were he to consider these factors. Antisera 
that yield measurable amounts of precipitate give valuable data in interpreting the 
mechanism of the reaction, but whether this type of antiserum can show, as accurately 
as the “ring” test, phylogenetic relationships has not been shown. It would be of interest 
and significance to know how the variance in quantity of antibody in antisera would 
affect the cross-reactions when the antisera give measurable precipitates. 

Six monkeys, the weights of which were approximately the same as those of the rab¬ 
bits, were injected and reinjected with undiluted horse serum. The quantities injected 
were the same as those used in rabbits, but the protein content of the serum was slightly 
higher. The monkeys received from five to eight series of injections. The responses were 
very different from those obtained in the rabbits. The titers were weak, with a maxim um 
of i: 12,800, but more usually of 113,200. There was very little precipitate formation, 
and the antiserum was very specific in the few cross-tests that were made. A comparison 
of the monkey and rabbit, of course, demonstrates that, when horse-serum proteins are 
used and injection methods are similar, the formation of precipitins is very different in 
the two species. This is a species difference as far as we can determine, unless factors that 
we haven’t anticipated have been overlooked. What is the cause of this difference in 
response? We find no answer but use the oft-repeated term “species individuality.” 

SUMMARY 

1. Rabbits have been injected with mammalian blood proteins and crystalline egg 
albumen. 

2. High-titered antisera were produced by one or two series of injections of undiluted 
antigen, and this titer could not be raised by further injections. 

3. Continued reinjections, as far as the experiments went, resulted in increased pre¬ 
cipitate formation and a shift of the curve toward the region of greater antigen concen¬ 
tration showing an increase in the antibody causing precipitation. 

4. Two injection series were usually necessary to produce antisera that had pre¬ 
cipitating power; using hemoglobin solutions, three and four injection series were 
needed. 

5. The precipitating curves resulting with hemoglobin as antigen differed from the 
type of curves with the other antigens. 

6. Indications are that at least two types of antibodies are present: (1) a “titer”-pro- 
ducing antibody and (2) a “predpitate”-forming antibody. 

7. The zoological significance of the data is emphasized. 
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THE INFLUENCE OF THE FREQUENCY OF STIMULATION ON THE 
SLOW AND THE FAST CONTRACTION 
IN CRUSTACEAN MUSCLE 

(Two figures) 

C. A. G. WIERSMA AND A. VAN HASREVELD 
William G. Kerckhoff Laboratories of the Biological Sciences, 

California Institute of Technology, Pasadena, California 

AS WAS shown by the authors (1936, 1938), most muscles of the extremities of 
decapod crustaceans have a double motor innervation, each muscle being inner- 
M A. vated by two axons which have different functions. The thicker of the two 
fibers causes a fast, the thinner one a slow, contraction. In most cases both kinds of 
contraction need more than one nerve impulse before a mechanical response is obtained. 
The only exception found so far is the adductor muscle of the crayfish daw (van 
Harreveld and Wiersma, 1936, and Wiersma, 1937), in which a single impulse in the 
thick fiber elidts a strong twitch. Stimulating the thin fiber for the adductor musde, 
a mechanical response can be obtained only after a number of impulses have reached 
the musde. In Blepharipoda occidental™ a mechanical response was seen after stimulating 
the thirk fiber with two induction shocks following each other with an interval of 2-10 
a (Wiersma and van Harrevdd, 1938). Stimulation with two shocks at longer intervals 
does not elidt a mechanical response, but with repetitive stimuli a contraction is still 
obtained with intervals up to 50 a. A single nerve impulse does elidt an action current 
of considerable size, however. It was found that in Blepharipoda the slow contraction 
was larger than the fast one up to frequendes of 50 per second. In the adductor of the 
walking leg of Cancer anthonyi, in which the fast mechanical contraction also needs 
at least two nerve impluses, the fast contraction is higher than the slow one only with 
frequendes above 100 per second. As these phenomena were considered of importance 
for the relation between the slow and the fast contraction, a number of experiments 
were carried out on this line to obtain further evidence. 

experiments with Blepharipoda 

The method used was the same as described in previous papers. The thick and the 
thin fiber were isolated and each placed on a pair of micromanipulated electrodes. By 
turning a double switch one or the other could be connected with a vacuum-tube stim¬ 
ulator, supplying short (§ <r) rectangular currents at various frequendes. The recording 
of the me chanical contraction was carried out by a light auxotonic lever to which a 
prnwll mirror was fastened, reflecting a beam of light to the slit of the camera used for 
the recording of the electrogram. Since the distance between the mirror and the camera 
was 3 m., the recording was very sensitive and indicated even the slightest contraction. 
The musde-action currents were led off with chloride-plated silver electrodes and re¬ 
corded with a Matthews oscillograph. 

Starting from a frequency of 50 per second, at which, as we have shown (1938), 
the mechanical contraction caused by either of the fibers is roughly the same in this 
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animal, lowering the frequency gives an increased difference between the fast and the 
slow contraction, the fast becoming weaker and weaker in relation to the corresponding 
slow contraction. It was found, however, that as long as there is a contraction on stimu¬ 
lation of the thick fiber this occurs rather quickly, whereas slow contractions become 
apparent only after prolonged stimulation when the frequency is quite low. 

At a certain frequency the fast contraction is no longer demonstrable whereas the 
same stimulation still gives a very distinct slow contraction. Since the action potential 
caused by a single impulse is quite large, as stated above, the action currents of the 
fast contraction are of course very distinct. The action currents obtained from the slow 
contraction at these frequencies are so poorly facilitated that they are very small and 
difficult to record. Thus the paradoxical phenomenon was found that a muscle giving 
relatively high action currents on stimulation of the thick fiber does not show any con¬ 
traction, whereas on stimulation of the slow fiber much smaller action currents were 



Fig. i. —Blepharipoda occidentalis, adductor muscle, electro- (a) and mechanogram (6). Paradox 
with a stimulating frequency of 12 per sec. A, thin axon stimulated, action currents are very small, hardly 
detectable, contraction after a long latent period. B, stimulation of thick fiber, large action currents, no 
contraction, instead of which the relaxation of the slow contraction still continues. Notice the facilita¬ 
tion of the action currents. Time mark is J of a sec. 

elicited, causing, however, a very distinct contraction. We will refer to this phenomenon, 
which is illustrated in Figure 1 as the “paradox.” It will be clear that this paradox can 
be obtained with any frequency between the minimum for the slow contraction and 
that of the fast contraction. In this animal the minimum for the slow contraction is 
about 10 per second, that of the fast 20 per second. 

It was mentioned previously (1938) that the action currents of the fast contraction 
show facilitation when stimulated with frequencies of more than 1 per second. This 
facilitation depends only on the frequency of the stimulus; the higher the frequency 
the larger the facilitation. At the minimum frequency causing a mechanical response 
no sudden change of the facilitation is observed. 

Another point which we investigated in this animal in relation to the mechanism of 
slow and fast contraction was latent facilitation. We have repeatedly pointed out that 
the slow action currents obtained after a short period of rest after a previous contraction 
grow faster than without a previous stimulation, as does the contraction. We confirmed 
this for the slow contraction in this animal and found it also to be true for the fast action 
currents. Working with a frequency at which no contraction took place (13 per second), 
we found that when two rather short stimulations were given with an interval of 1,5 
seconds the first action current had in both cases the same height but the growth of the 
action currents was quicker during the second stimulation (Table 1). With a time 
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interval of 10 seconds this latent facilitation on a stimulation time of the same length 
had disappeared. 

EXPERIMENTS WITH CambOTUS AND AstOCUS 

Under normal circumstances it is of course impossible to obtain a paradox in these 
animals, as the fast contraction needs only one nerve impulse. As was shown by Wiersma 
(1933), the mechanical contraction following a single nerve impulse can disappear when 
the stimulus is repeated a number of times with long intervals between successive 
stimuli, in which case the action current remains. The muscle then still contracts after 

TABLE 1 

Blepharipoda occidentalism : STIMULATION OF THE THICK AXON OF THE ADDUCTOR 
WITH A FREQUENCY OF 13 /SEC. 


Height 01 Spike (in Mm.) 



First 

Impulse 

Second 

Impulse 

Third 

Impulse 

Fourth 

Impulse 

Fifth 

Impulse 

Ninth 

Impulse 

First stimulation. 

Rest ij sec. 

12.2 


14.0 

* 4.5 

14 9 

16.0 

Second stimulation. 

Rest 5 min. 

12 2 

13.8 

15*0 

IS 2 

I S*4 

16.9 

Third stimulation. 

Rest 10 sec. 

12.2 

13.3 

14.2 

14.5 

14.9 

I S *9 

Fourth stimulation. 

12.3 

13-0 

14.0 

14. S 

15-0 

l6.o 


two stimuli in close succession or during faradic stimulation, Wiersma found that the 
contraction disappeared in Astacus fluviatilis without any apparent change in the action 
current. We repeated these experiments both in Cambarus and in Astacus trowbridgii. 
In Cambarus the action currents diminish always, and sometimes even markedly, during 
the procedure, but in A. trowbridgii we were able to confirm his results as here there 
is often only a negligible reduction in their height. As was the case in Blepharipoda , 
there is no relation between the absence of the contraction and the reduction of the 
action current; if, for instance, the stimulation is continued after any trace of the con¬ 
traction has disappeared, the action current still goes on diminishing at about the same 
rate as before (see Table 2). 

In a preparation in which the mechanical contraction had thus disappeared, the 
paradox could be obtained. Stimulating such a preparation with frequencies between 
the minimum frequency at which the slow contraction appears (we found this to be 
about 5 per second for Cambarus and about 2 per second for A. trowbridgii) and that 
at which the fast contraction appears (under these circumstances about 15 per second), 
the action currents on stimulation of the thick fiber are very large but no contraction 
results, those on stimulation of the thin fiber small but a distinct contraction occurs, 
increasing, of course, with the frequency (Fig. 2). In this case there is even in Cambarus 
often no facilitation at all of the fast action currents, whether a contraction is elicited 
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or not, but sometimes some facilitation appears in those cases in which the action current 
had been considerably reduced during the stimulation series given to extinguish the 
fast twitch. In preparations in which the paradox can be obtained, contractions elicited 

TABLE 2 * 

A stows trmvbriigii: STIMULATION OF THE THICK 
FIBER OF THE ADDUCTOR 


Number of 
Impulse 

Height of the 
Mech&nical 
Contraction 
(in Mm.) 

Height of tlie 
Action 
Current 
(in Mm.) 

2. 

>5° 

22 $ 

3 . 

>50 

22 S 

60. 

>50 

31 -5 

90 . 

IS 

21.0 

120. 

2 

21 0 

ISO . 

1 

21.0 

180. 


21.0 

240. 


20.0 





* One induction shock every j seconds. 






Fig. a.—Cambants darhii , adductor muscle. Paradox with a stimulation frequency of 13 per see. A 
and B are from one continuous record. A, thin axon stimulated, action currents cannot be distinguished 
from the current escape. B, thick fiber stimulated, no contraction, only relaxation of previous slow con¬ 
traction, high action currents. No facilitation of the action currents, instead a decrease. Time mark is 
| of a sec. 

by a low-frequency stimulation of the thick fiber are small er than the corresponding 
contraction on stimulation of the thin axon. 

Another phenomenon which shows the relative independence of the nwlia™™! 
contraction and the action currents is the following: When the fiber of the slow con- 

[Physiological ZoOlogy 












FREQUENCY OF STIMULATION ON CRUSTACEAN MUSCLE 


79 


traction is stimulated for a long time (frequency, e.g., 50 per second) an increase in the 
height of the action currents takes place in the beginning but is followed after a rather 
long period of constancy by a decrease. When the accompanying contraction is regis¬ 
tered (strong isometric conditions) it is found that the contraction still increases long 
after the action currents have begun to diminish (see Table 3). Thus we find here that 
the mechanical contraction and the action current are influenced in opposite directions. 

The fast action currents almost always diminish from the beginning; this reduction 
is especially quick with high frequencies, but here the mechanogram is much more 
affected by the fatigue and disappears long before the action currents are so small that 
they are no longer distinguishable. 

TABLE 3 * 


Cambarus clarkii: FARADIC STIMULATION OF THE 
THIN FIBER OF THE ADDUCTOR 


Timo after Beginning 
of Stimulation 
(in Secs.) 


Height of the 
Action 
Current 
(in Mm.) 


Height of the 
Mechanical 
Response 
(in Mm.) 



* Frequency 50 per second. 


Investigating the slow and the fast contractions with high frequencies of stimula¬ 
tion, we observed that neither of them gave a normal response for any length of time 
(2 seconds) with frequencies above 200 per second. Nevertheless both showed contrac¬ 
tions for short times on stimuli up to about 700 per second. Whereas the fast contraction 
increased in speed with the frequency, the slow contraction had a maximum speed at 
200-400 per second. 

It was of interest to note that in several preparations the shape of the fast contraction 
with a frequency of 50 per second was about the same as that of the slow contraction 
stimulated with 200 per second, both developing the same maximal tension (duration 
of stimulation 2 seconds). 

EXPERIMENTS WITH Cancer 

Whereas in Blepharipoda we were always able to obtain the paradox with fresh prep¬ 
arations and we have never failed to obtain it in Cambarus using the method described, 
it is rather asto nishing that we have not been able to find the paradox in Cancer anthonyi . 
From the fact that in this animal the interval in which the fast contraction is lower 
than the slow one is relatively prolonged (Wiersma and van Harreveld, 1938), one 
would expect that on lowering the frequency the fast contraction would disappear first. 
On the contrary, we found that in fresh preparations stimulation frequencies so low 
that they do not elicit a slow contraction still cause a fast one. In relation to this it is 
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of importance that the range of summation intervals of two induction shocks, which 
when applied to the thick fiber cause a mechanical response, is much larger in Cancer 
(2 to more th a n 36 <r) than in Blephanpoda (2—10 cr). In correspondence with this the 
s timula tion of the thick fiber causes contractions on lower frequencies of stimulation 
than in Blepkaripoda (10 per second still gave a distinct contraction). This may explain 
the absence of the paradox in Cancer. We noticed particularly that the tension developed 
by the fast contraction at these very low frequencies increased only during the first 
few stimuli and then remained constant. With somewhat higher frequencies the main 
development of the tension of contraction still occurs initially, and only a small increase 
takes place with continued stimulation. On the other hand, the slow contraction con¬ 
tinues to grow for a longer time and attains higher tensions at stimulation frequencies 
below 100 per second. 

DISCUSSION 

It is now almost certain that both the fast and the slow contractions can be elicited 
in every muscle fiber of a muscle with a double motor innervation. The anatomical 
evidence points strongly in that direction, and recently we have obtained further evi¬ 
dence for this, observing muscle fibers of the adductor muscle of Cambarus contracting 
as well on s timula tion of the axon for the fast contraction as on that of the slow contrac¬ 
tion. We shall report on this later. 

The facilitation of the action current has been referred by Katz (1936) to an increase 
in the number of muscle fibers reached by the nerve impulse in the course of a faradic 
stimulation. According to this explanation the action currents of the individual muscle 
fibers can follow the all-or-none relation and the difference between the slow and the 
fast contraction in Cambarus (e.g.) would be that, on stimulating the fiber for the fast 
contraction all the muscle fibers are excited and respond with an action current, whereas 
on stimulation of the fiber for the slow contraction only a few muscle fibers would be 
reached by the first nerve impulse, some more by the second, etc. We consider the 
“paradox” as a phenomenon excluding this explanation of the increase of the action 
current. Especially conclusive are the experiments on Cambarus clarkii and A. trow- 
bridgii . In these animals it was observed that the action currents accompanying the 
fast contraction, whether they cause a mechanical response or not, are all of the same 
( maximal ) height. This would, according to this explanation, show that approximately 
all the muscle fibers are excited, but in the “paradox” do not show a contraction. If 
now the slow contraction was due to the same mechanism, it is inexplicable why the 
small number of fibers excited during a stimulation with low frequency—as is indicated 
by the low action currents—should cause a mechanical response. Our conclusion must 
be that the action currents evoked by the stimulation of the two motor fibers are an 
index or accompaniment of activities which are located in different places in the same 
muscle fiber. 

This conception excludes the possibility that the action currents in the individual 
muscle fibers follow the all-or-none relation in its strict sense, as in each muscle fiber 
can be produced action currents of at least two different heights. We do not believe 
that these two action currents are constant in amplitude or other character. We con¬ 
sider the action current of the crustacean muscle as the index, not of a conducted, but 
of a local, process (compare the conclusions of Rosenblueth, Davis, and Rempel, 1936, 
concerning the first electrical response of the nictitating membrane of the cat). 
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Both the action currents of the slow and those of the fast contractions show a dis¬ 
tinct facilitation in marine crustaceans. This resemblance is further increased by the 
fact that both mechani s ms show latent facilitation. It is thus likely that, although the 
two processes differ in their localization in the muscle fiber and in the readiness of their 
facilitation, they are fundamentally similar in character. In Catnbarus the facilitation 
of the action currents of the fast contraction is usually absent. The same can be stated 
for the action currents in preparations in which the mechanical response to a single 
nerve impulse has disappeared. Since the action currents in the latter case do not show 
facilitation, it is evident that the appearance of a mechanical response when the stim¬ 
ulus is repeated with a certain frequency cannot be ascribed to a change in the action 
potentials. It must be assumed, therefore, that a second kind of facilitation is present, 
which must be referred to processes interposed between the action current and the 
contraction. 

It is likely that the same kind of facilitation exists in the slow contraction. This can¬ 
not be demonstrated in the beginning of a stimulation, since here a marked increase of 
the action currents by the facilitation is seen, and this effect might be chiefly responsible 
for the increase in the mechanical response. It was mentioned, however, that after some 
time the action currents start to decrease again (fatigue), whereas at the same time the 
mechanical contraction still continues to increase. Evidently this increase in the mechan¬ 
ical contraction is not caused by an increase of the action potentials but is to be referred 
to some other process of facilitation, located between the action current and the con¬ 
traction. 

We conclude that although the different steps in the transmission from the nerve 
impulse to the muscle fiber resemble each other closely in the slow and in the fast con¬ 
traction, these processes must take place in different situations on the muscle fiber and 
must also show differences in their relative magnitudes. 

SUMMARY 

It is shown that on stimulation of the thick and the thin nerve fiber, innervating 
the adductor muscle of the claw of Blepharipoda , a range of frequencies can be found 
in which the thick axon gives large muscle action currents and no contraction, whereas 
the thin axon gives very small action currents but a good contraction. This paradoxical 
phenomenon can also be obtained in the adductor of the claw of Catnbarus , when the 
twitch caused by a single nerve impulse in the thick fiber has disappeared. It was not 
obtained in the adductor of the dactylopodite of the walking leg of Cancer . 

From this and other experiments the tentative conclusion is drawn that the fast and 
the slow contractions take place in the same muscle fibers, each having its own mech¬ 
anism of transmission between nerve impulse and contraction. These may be in both 
cases qualitatively the same but quantitatively different. 
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THE RESPONSE TO MECHANICAL SHOCK BY THE CERCARIAE 
OF BUCEPHALUS ELEGANS 1 

(One figure) 

HARRY X. FOLGER. AND LLOYD E. ALEXANDER. 

Fisk University 

M ECHANICAL shock has long been known to have a pronounced stimulating 
effect on man y organisms, eliciting responses in some instances that are as 
dear cut and precise as those brought about by such agents as light or electric¬ 
ity But, owing largely no doubt to the difficulty of controlling the magnitude of the 
stimulus with any degree of certainty, there is a dearth of exact knowledge concerning 
the effects of mechanical shock. Numerous observations have been recorded to be sure, 
but most of them have been merely incidental and have noted little more than that the 
organisms under consideration do respond to such a stimulus. 

However, a few observations of a more detailed nature have been made. Several 
workers have noticed the suspension of movement that results when streaming cells 
of various plants are subjected to mechanical shock. Ewart (1903) found the protoplas¬ 
mic streaming not only stops when cells of Chara and NiteUa aie so stimulated but that 
the time from the application of the shock until stoppage occurs—the reaction time— 
is longer after a light shock than after a heavy one and that movement remains in 
abeyance longer under the latter condition. Folger (1926) has reported that mechanical 
shock causes a cessation of protoplasmic flow in Amoeba proteus and that the same 
thing obtains with regard to the reaction time and period of quiescence as in streaming 
cells of Chara . Moreover, he found that a distinct refractory period follows the reaction. 
A certain amount of time must be allowed for recovery from the effects of a previous 
shock before the amoeba will lespond to another, and a recovery which is not quite 
complete results in a reaction time that is longer and a period of quiescence that is 
shorter than after complete recovery. 

Though there has been little or no disagreement in the observations on the effect 
of mechanical shock, the meagerness of evidence makes the study of other forms desir¬ 
able. Most organisms are not suitable for work of this sort, as either they do not react 
at all or, if they do, the extent of the reaction is not easy to measure. The discovery of 
an animal, the cercaria of a flatworm parasite, which not only responds readily and con¬ 
sistently but with a reaction that can be accurately timed with a stop watch, has led 
to the investigation which is to be presented. 

MATERIALS AND METHODS 

The animals that were used in the following experiments were the cercariae of the 
gasterostome parasite, Bucephalus degans, larval stages of which are passed in the 
gonad of the fresh-water dam, Ettrynia iris . The cercariae emerge through the ex¬ 
current siphon of the clam and execute active swimming movements. 

1 Contribution from the Biology Laboratory of Fisk University The authors are indebted to Dr. 
Arthur E. Woodhead for help and advice in the securing of experimental animals. 
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A large number of clams was collected in the early fall from the Huron River near 
Ann Arbor, Michigan. Infected individuals were isolated and kept in a cool room, in 
a large concrete tank, 01 imbedded in sand in glass aquaxia. When animals were desired 
for experimentation, a few of these clams were transferred to finger bowls and put in 
a warm room. Within 24 hours there was usually an abundance of cercariae swimming 
about in the bowl. 

A drawing of a cercaria is shown in Figuie 1. As may be seen, it is of the fork¬ 
tailed type, the tail being cleft for almost its entire length. The two lami resulting from 
the bifurcation constitute the bulk of the animal. Locomotion is brought about by move¬ 
ments of the rami, which become extended so as to form a straight line and then curl 



Fig 1 


up and at the same time shorten and thicken, assuming the position shown in Figure 1. 
When fully extended, the cercariae are from J-i cm. in length. The rate of contraction 
and the extension of the rami depends on several factors, among them temperature and 
age, and there is considerable individual variation. At about 20° C. the rate is usually 
between 55 and 70 contractions per minute. A stimulus such as sudden illumination 
or mechanical shock causes a temporary cessation of movement. 

The precise nature of the reaction to mechanical shock depends upon the intensity 
of the stimulus. If the shock is slight, it may have no effect, or it may cause the cercaria 
to cease progression through the water and the rami to undergo quivering motions, but 
without complete suspension of movement. A somewhat heavier shock causes the ani¬ 
mal to become quiet, and in doing so the rami are generally folded. Very heavy shocks 
not only bring about cessation of movement but may cause the rami to remain in any 
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position, extended or contracted. In every instance in which movement stops, there is 
an appreciable reaction time, which, as used in this paper, consists of the time from the 
reception of the stimulus until the cessation of motion, without regard to the position 
of the rami. 

The apparatus which was used in the experiments consisted of a narrow glass tube, 
12.25 inches in length, supported in an upright position on a ring stand, and weights 
of the various sizes indicated in the text, made by cutting off appropriate lengths from 
wire nails. These weights, when dropped through the glass tube upon the deep depres¬ 
sion slide on which the cercariae were put, brought about the shock. The slide was 
placed flat on the base of the ring stand in such a position that the falling weights 
would strike it midway between depression and end. The glass tube was clamped 
loosely near the top, with the lower part hanging freely, and the lower end almost touch¬ 
ing the slide. On impact, the weight rebounded up into the tube, and a quick push 
against the latter threw it to one side, thus preventing it from again striking the slide 
and adding to the shock already produced. Care was taken in every test to make certain 
that the cercaria was sw immin g freely in the water and was not in contact with the 
glass. Time was measured with a stop watch. The reactions were sufficiently sharp to 
permit timing to one-fifth of a second. 

EXPERIMENTAL RESULTS 

Since Bucephalus cercaria react to mechanical shock after an appreciable reaction 
time, an obvious approach to a better understanding of the effect of this stimulating 
agent is an investigation of the relation existing between the intensity of the mechanical 
shock and the duration of the reaction time, for, as we shall see, the latter varies with 
the magnitude of the stimulus. The results of such an investigation are shown in Table 1. 
In this table are recorded the reaction times of 13 individuals, stimulated by shocks 
brought about by the fall of weights ranging in size from 177 mg. to 2,525 mg. Since, 
as already stated, each dropped a distance of 12.25 inches, the shock was proprotional 
to the size of the weight. So far as practical use is concerned, the foregoing weights 
represent extremes. It is shown in the table that only 2 animals out of 13 responded to 
the 177-mg. weight; a lighter one would have been even less effective. And a weight 
of only a little more than 2,525 mg. not only caused such a jar as to endanger the glass 
slide but often broke off the rami of the cercariae. 

The behavior of individual No. 1 may be presented as a typical example illustrating 
the relation between intensity of shock and reaction time. In this animal the 2,525-mg. 
weight brought about a reaction in 0.8 seconds, the 2,025-mg. weight in 1.2 seconds, 
the 1,750-mg. weight in 1.2 seconds, the 1,040-mg. weight in 1.4 seconds, the 631-mg. 
weight in 2.4 seconds, the 501-rag. weight in 2.0 seconds. There were no responses to 
weights of 288 mg. and 177 mg. 

Although not denoted in every instance, it is dear from this example that the reac¬ 
tion time tends to increase with a decrease in the force of the mechanical shock. Exactly 
the same thing is indicated in the reactions of the remaining 12 individuals, and, as 
shown in the lower row of Table 1, it is indicated especially dearly in the average reac¬ 
tion times of all of the animals. These averages, brought about by the fall of weights 
from the heaviest to the lightest, respectively, were 1.19, 1.44, 1.65, 1.70, 2.17, 4.38, 
5.90, and 5.50 seconds. The decrease in the final instance is probably of no significance, 
as all except 2 of the animals failed to respond to so slight a stimulus. 
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While the behavior just described is certainly generally true, it is only fair to note 
certain exceptions. The reactions of individual No. 4 were obviously exceptional. This 
animal reacted to a weight 2,325 mg, in 1.8 seconds, to a weight of 2,045 hi 2.2 
seconds, and to a weight of 1,750 mg. in 3.0 seconds. So far the reactions are as one 
would expect; that is, the reaction time increased with decrease in intensity of stimula¬ 
tion. However, stimulation by a still lesser weight, one of 1,040 mg., not only was not 
followed by a still further increase in reaction time but actually by a very decided de¬ 
crease, the reaction time dropping to 1.0 second. Further reduction in the size of weights 

TABLE 1 * 

Showing the reaction time following shocks of different 

DEGREES OF MAGNITUDE 


Weight in Milligrams 


Animal No. 


2,04 5 

1,750 

1,040 

631 

Soi 

288 

177 

1 . 

0.8 

I 2 

1.2 

1.4 

2-4 

2 O 

No 

No 

2. 

1.0 

1.4 

1.0 

2.0 

1-4 

2 0 

5 -o 

No 

3 . 

1.2 

2.0 

1-4 

I 4 

2.0 

1-4 

8.0 

S.o 

4 . 

1 8 

2.2 

3.0 

1.0 

1.2 

1.4 

No 

No 

s . 

1.0 

1.0 

1.0 

1.2 

2.0 

1.8 

No 

No 

6. 

1.0 

1-4 

1.4 

2.0 

1.2 

ISO 

No 

No 

7 . 

1.0 

1.2 

1.2 

1.2 


No 

No 

No 

8. 

1-4 

I 0 

1.2 

1 *4 

■ 

2.0 

No 

No 

9 . 

1.0 

1.0 

1-4 

1-4 

In 

3.6 

No 

No 

10. 

1.0 

2.0 

2.0 

2.0 

No 

No 

No 

No 

11 . 

1.2 

1-4 

1.6 

2.0 

mgm 

4-4 

4-4 

6.0 

. . 

2.0 

2.2 

3.0 

3 *° 


12 0 

8.0 

No 

13. 

1.0 

1.0 

2.0 

2.2 

MSM 

2.6 

4.0 

No 

Average . .. 

1.19 

I.44 

I‘65 

1.70 

2.17 

438 

5*90 

5-5 0 


* The reaction time consists of the time from the application of the stimulus until the cerc&ria ceased to move. Wo indicates 
failure to respond. At least si minutes intervened between tests. 


brought about the customary increase in reaction time. The weight of 631 mg. caused 
a reaction in x. 2 seconds, and that of 501 mg. in 1.4 seconds. Folger (1925) noted similar 
sudden changes in the responses of Amoeba to light. Such irregularities in reaction are 
due to changes in the physiological state of the organism and by no means invalidate 
a conclusion, such as the one proposed in the first sentence of the preceding paragraph, 
which presupposes that the physiological state will remain constant. 

Doubtless many factors besides intensity of shock affect the reaction time, hut only 
one other has been investigated—the effect which a given shock has on the reaction to 
another shock which follows quickly after it. The results of this study are set forth in 
Table 2. Nineteen different animals were used in the experiment, the procedure of which 
consisted simply in applying a series of stimulations to the chosen animals, with certain 
intervals, ranging from 60 seconds to 15 seconds, between them. As indicated in the 
table, animals Nos. 1 and 3 were subjected to nine successive shocks, with intervening 
periods of 50 seconds. Both animals reacted in every instance, and in both the reaction 
time remained practically constant, at about 1.2 seconds. Number 2 gave exactly the 
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same results up to the sixth reaction, when it was accidentally killed. Animals 4, 5, 6, 
and 7 were treated as the preceding animals, except that intervals of 30 seconds were 
allowed between shocks. Numbers 4, 5, and 7 continued to respond for nine or ten 
times without an appreciable change in reaction time. They would probably have re¬ 
sponded for a longer time had they received further stimulations. Number 6 failed to 
respond to the third shock. Animals 8, 9, and 10 were allowed 25 seconds between 
shocks. Number 8 failed to respond after the third stimulation, No. 9 after the fourth 
stimulation, and No. 10 after the sixth stimulation. And not only was there finally a cessa¬ 
tion of response but the reaction time decreased very considerably before the responses 

TABLE 2 * 

Showing effect of incomplete recovery on the reaction time 



stopped. Thus, at the first shock the reaction time of cercaria No. 8 was 1.2 seconds, 
but at the third shock it was only 0.8 seconds. The reaction time of No. 9 fell from 2.0 
seconds at the first stimulation to 0.8 seconds at the third. Cercaria No. 10 reacted to 
six successive shocks, with reaction times expressed in seconds as follows: 1.6, 1.0, i.o, 
0.8, and 0.6. The next group, consisting of animals Nos. 11, 12, and 13, were allowed 
20 seconds between stimulations. The first two ceased to respond after the fourth shock, 
the third after the fifth shock. The average reaction times of the 3 animals amounted 
the 1.3 .seconds, 0.9 second, 0.7 second, and 0.7 second for four successive stimulations. 
The final group of 6 animals were allowed 15 seconds between shocks. None of them 
responded more than three times, and No. 19 only twice. The average reaction times 
were 1.8 seconds, 1.3 seconds, and 1.0 second. 

From these results it is apparent that at least 30 seconds are necessary for complete 
recovery from the effects of a mechanical shock and that incomplete recovery is made 
evident either by failure to respond to another shock or by a reaction tim e that is 
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shorter than that after complete recovery. Furthermore, there is clearly a cumulative 
effect. A series of stimulations, with an insufficient recovery period between, results in 
a steady decrease of the reaction time until finally there is no reaction at all. 

DISCUSSION 

The increase in reaction time with decrease in the force of the mechanical shock 
that has just been observed in the reactions of cercariae is exactly what one would have 
expected. As mentioned in the introduction, this stimulating agent is known to have 
a similar effect on some other organisms, and the same thing is true in the reactions of 
various orga ni s m s, including the cercariae of B. elegans (Bevelander, 1933),“ to other 
forms of stimuli, notably light. But the result of insufficient time for recovery is rather 
surprising. A number of investigators have observed that such a condition may have 
a very decided effect on the reaction time, but in nearly every instance, both in the case 
of mechanical shock and in the case of light, the effect has been manifested by an increase 
in reaction time. Here there is just as decidedly a decrease. Just why Bucephalus cer¬ 
cariae should behave differently from other organisms in this one respect is not certain, 
especially as their reactions are in accord in other respects. It is possible, however, that 
they do not behave so differently as appearances indicate. 

A well-known fact of physiology is the temporary loss of sensitivity which follows 
stimulation of a nerve, giving rise to the interval known as the refractory period. This 
period is divisible into two parts—the absolute refractory period, which follows im¬ 
mediately after stimulation and during which there is a complete loss of excitability, 
and the relative refractory period, during which the nerve will respond to stimulation 
but not so readily as ordinarily. It is a significant fact that distinct refractory periods, 
both absolute and relative, are known to follow the reactions of a number of organisms 
to light and mechanical shock. Amoeba , for example, responds to both of these stim¬ 
ulating agents by a cessation of movement. It will not immediately respond to another 
stimulus at all; and, even after it does begin to respond, it is at first less sensitive than 
usual, as indicated by an increase in the reaction time. But another thing which has 
been observed in nerve is that at the beginning of the relative refractory period there 
is a supernormal phase, during which the nerve is not less but more excitable than 
usual. Folger (1925) has observed a supernormal phase in the response of Amoeba to 
ligjat. While feeding, an amoeba refuses to respond to light at all. A minute or so after 
it has fed, it is considerably less sensitive than usual, but immediately after feeding it 
responds much more readily than at any other time. It appears not at all improbable 
that the increase in sensitivity in the cercariae of B. elegans , which is caused by re¬ 
peated shocks with only a small time interval between and made evident by a decrease 
in reaction time, is similar to the supernormal phase in the response to light which fol¬ 
lows feeding in Amoeba . 

SUMMARY 

1. The cercariae of £, degans react to mechanical shock by a cessation of movement, 
which takes place after an appreciable reaction time. 

2. The reaction time varies inversely with the magnitude of the shock. This agrees 
with the reactions of various other organisms to both mechanical shock and light. 

* In response to light the reaction time increases with decrease in luminous intensify. 
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3. After cercaria has reacted to a mechanical shock, it will not immediately react to 
another. About 30 seconds are required for complete recovery from the effects of such 
a stimulation. Recovery may be partial, as indicated by a reaction time that is less 
than that obtained after complete recovery. This does not agree with the reactions of 
other organisms, where incomplete recovery from the effects of mechanical shock or 
light is indicated by an increase in reaction time. 
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THE NUTRITIONAL REQUIREMENTS OF BLATTELA GERMANICA 

(Three figures) 

C. M. MCCAY 

Animal Nutrition Laboratory, Cornell University, Ithaca 

I N SPITE of the wealth of available material, insect nutrition has been given little 
attention in contrast to that of such vertebrates as the rat. 

Trager (193s) has recently summarized the evidence showing that a number of 
insect species have specific requirements for vitamin-like compounds found in such 
materials as yeast and wheat germ. However these substances seem to differ from B x 
and lactoffavine although some insects seem to require some such fractions. Trager finds 
mosquito larvae need fractions found in liver extract and yeast products. 

The webbing clothes moth also requires part or all of the B-complex for growth and 
development (Crowell and McCay, 1937). 

The cockroach (Blattda germanica) has no vitamin requirements according to the 
findings of Wollman (1926). This author generalized upon his findings, claiming that 
insects are distinguished from the higher animals in their ability to grow and reproduce 
without such accessory factors. Zabinski (1929) also studied the requirements of this 
insect and concluded they required no other source of nitrogen than glycine. 

These remarkable claims for an insect that is an unwelcome guest in so many nutrition 
laboratories made this ancient pest especially attractive for study. 

BREEDING AND SEARING A STOCK OR COCKROACHES 

For a period of several years various cages were tried for nutrition experiments with 
cockroaches. The design shown in Figure 1 has proved very satisfactory both for testing 
a given diet upon isolated individuals and for studies with groups. In Figure 2 is shown 
a satisfactory breeding cage which is used to provide an ample supply of stock animals. 

The test cage of Figure 1 is a half-pint milk bottle fitted with a three-hole cork stopper. 
Three tubes of 0.9 cm. glass tubing provide an air hole, access to a vial containing a 
piece of cotton soaked in water, and another vial holding the diet to be tested. The 
food can also be placed in the bottom but it seems more liable to attacks by molds. 
Numerous studies in the course of the last six years have indicated that this cage pro¬ 
vides adequate ventilation and nearly optimum humidity. Among the types of cages 
tested have been those constructed of very fine wire screening and open on all sides. 
The humidity was controlled in such cages. These have little advantage and many dis¬ 
advantages. Other studies have been made with several vents in the cork stopper of the 
milk bottle. All of these have indicated that the cage of Figure 1 is probably the most 
satisfactory devised thus far. 

For producing large numbers of stock animals the museum jars of Figure 2 have 
proved useful. The water in such cages is provided by a funnel filled with a cotton plug 
and set in a beaker of water. This prevents the drowning of the insects and fouling of 
the water. The water is easily renewed by pouring from a wash bottle at intervals of 
several days. The food Bupply is placed in a vial or a small beaker. 

Vol. S 3 , No. 1, January, 1938] 89 



go 


C. M McCAY 


For six years a stock diet of equal parts of dry skim milk and ground whole wheat has 
proved adequate for the entire life-cycle of the species. From time to time various other 
food substances have been tried but no additional advantage has been found. 

For rapid growth and reproduction a temperature of twenty-five degrees or more is 
desirable. For testing foodstuffs an old refrigerator equipped with a thermostat has 
proved very satisfactory in providing a constant temperature. 

The growth rate of this species is similar to that of the rat. It is easily followed by 
periodical weighings upon an analytical balance since the range of weight from the 

young to the largest adult varies between 
one and a hundred milligrams. This insect 
is very sensitive to ether anesthesia. This 
provides a convenient method of handling. 

For securing test animals the first step 
is the isolation of females bearing egg sacs. 
This is done by moistening the cloth cover 
of the stock cage with ether. The females 
are then placed in test bottles using a pair 
of light forceps. These are examined at daily 
intervals. The date of hatching of the young 
is recorded. They can then be placed under 
light ether anesthesia and distributed to 
test bottles. Ten individuals per bottle 
afford a very satisfactory group. Special 
studies have shown that this anesthesia 
does not modify the growth-rate even if re¬ 
peated at weekly intervals. 

The productivity of the females can be 
illustrated by a single experiment. Three 
females bearing egg sacs were placed in a 
stock cage. Five months later this cage con¬ 
tained seventy adults, many of them bear¬ 
ing mature capsules. This suggests the pos- 
Fig i. —Cage for nutrition studies with cock- sibility of using this species for population 
roaches. Food ran be placed either in the v ial on Studies With results that might be more ap- 
the sidetube or in the bottom The upright vial plicable to higher animals than those made 
has a cotton plug saturated with water. The cloth- with drosophila , since the food habits are 
covered tube provides air. more nearly like those of vertebrates. 



THE CONVERSION OF ELEMENTS FROM FOODSTUFFS INTO BODY TISSUES BY INSECTS 

Various species differ widely in their ability to convert the chemical elements of food¬ 
stuffs into body tissue or secretions. Lusk (1928) notes that the cow can secrete 5,378 
calories of energy in the form of milk, while its body burns 11,464 calories as measured 
by the calorimeter. Armsby and Moulton (1925) has discussed the numerous variables, 
such as the rate of growth, individual variability, and species differences that determine 
the efficiency of higher species in building the chemical elements of foodstuffs into body 
tissues. From the data of Palmer and Kennedy (1931) rats in the course of their growth 


[Phybiological Zoology 


NUTRITIONAL REQUIREMENTS OF BLATTELA GERMANICA 


91 


seem able to convert about 30 per cent of the nitrogen of their food into that of their 
body. The accumulation of errors in such a calculation may amount to as much as 30 
per cent of the above value. 

A few studies of the ability of lower vertebrates to convert foodstuffs into body tissues 
indicate an efficiency superior to the best of the higher vertebrates. Brook trout are 
somewhat superior to such species as swine or chickens (McCay, 1937). In some time 
periods of 4 weeks trout may even require less than a gram of dry foodstuff to produce 



Fig. 2. —Stock-breeding cages. The one above is ready for use while the one below contains insects. 
The funnel in the beaker of water is stuffed with moist cotton. The feed is in the vial. The doth covering 
moistened with ether provides the anesthetic when females are removed. 

a gain of 1 gram in live weight. Poikilothermes may have some advantage in the con¬ 
version of foodstuffs, since they have no body temperature to maintain. 

Since no data are available concerning the conversion of elements by insects, the 
present study was undertaken. Conditions were favorable for such a determination since 
a satisfactory dry diet had been developed that permitted an insect to pass through its 
entire life-cycle without limitations due to the quality of the diet. The use of a single 
diet may permit an accurate es tima te of the utilization of calories, but the determina¬ 
tion of the efficiency of the conversion of other elements in such a diet cannot be optimum 
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unless such elements are present in the diet at the lowest levels that just permit optimum 
growth. There is no reason to believe that this was the case in the present study. For 
this reason the values obtained are accurate for the diet under consideration but are 
not optimum ones except in the case of the calories concerned. 

The efficiency of tr ansforma tion of chemical constitutents into body tissues can be 
measured in B. germanica by weighing a known allowance of foodstuff, allowing groups 
to grow to maturity upon it until all the foodstuff is consumed, and finally analyzing 
the bodies of the insects produced upon the foodstuff. The greatest error in this pro¬ 
cedure is due to the foodstuff retained in the intestinal tract. This structure is so delicate 
that it is imposs ib le to wash it free from food residues in extensive numbers of individuals. 

The following procedure was employed: Three groups of young insects, one to two 
days after hatching, were confined in separate jars after their body weights were re¬ 
corded and a sufficient number had been taken for analysis. Into each jar was placed 
a vial of foodstuff that had been carefully weighed. When the insects in each jar had 
attained adult size they were removed, weighed, and preserved for analysis. Into each 
jar a new group of young was introduced and the procedure repeated until all the food¬ 
stuff was consumed. 

From this study the weight and composition of both the foodstuff and the insects 
produced were determined by analysis. In the preliminary preparation the foodstuff was 
carefully moistened with 95 per cent alcohol and then dried carefully in vacuo. A sample 
was sealed for analysis. The foodstuff consisted of a mixture of equal parts of dried 
skim milk and whole ground wheat. 

Each jar produced nearly three generations of mature insects. The following analyti¬ 
cal procedures were employed: nitrogen—Barrett and Jones (1932); ash—ignition in the 
muffle furnace; calcium—Morris, Nelson, and Palmer (1931); phosphorous—Youngberg 
and Youngberg (1930); lipids—extraction of the dried material with ethyl ether in the 
Soxhlet apparatus for 16 hours; I. No.—Yasuda (1931). 

In order to reduce the error for the food residues of the intestinal tract to a minimum, 
the insects were fasted for 24 hours before killing in each case. 

In order to determine the error that could be expected from the food residues, groups 
of adult insects not involved in these studies were killed without fasting and also after 
intervals of 1-5 days without food. The longest period may cause death if individuals 
are isolated and cannibalism if they are associated. Fifty representative adults from 
each group were weighed, the posterior end of the body snipped, and the intestinal 
tract removed by pulling the head. This tract was then removed. The tracts and con¬ 
tents were dried and weighed separately from the bodies. With no period of fasting 
the tract and residues were equal to 9 per cent of the body weight while after 5 days of 
fasting this value fell to 4.6 per cent. In the latter case there was little food residue and 
this probably represents the intestinal tract. The error from neglecting food residues in 
insects that have fasted for one day must then be less than 5 per cent. 

The analytical data from these studies are assembled in Tables 1 and 2. These data 
indicate clearly that the insect is very efficient in the conversion of foodstuffs compared 
to higher animals. This species is able to build nearly a unit weight of the living body 
from a unit of dry foodstuff. It is able to synthesize fat since the bodies of the insects 
contained about three times as much lipid as the foodstuff, ingested. Also, this body 
fat had only about half the iodine number of that ingested, which affords evidence for 
a characteristic body fat. 
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In these experiments about 60 per cent of the nitrogen, io per cent of the calcium 
and 2 s per cent of the phosphorus of the diet were converted into body tissue. Analytical 
values are not available for the chitin of the insect and the carbohydrate of the diet, 
but estimates indicate that about 40 per cent of the calories in the diet were built into 
the body of the insect. 

THE FEEDING OF MIXTURES OF PURIFIED CONSTITUENTS 

In preliminary trials it was found that this species could not grow upon mixtures of 
casein, starch, cellulose, sugar, lard, and mineral mixture unless this mixture were sup¬ 
plemented with yeast. 

TABLE 1 

THE CONVERSION OF FOODSTUFF INTO BODY TISSUE BY INSECTS 


Ezpt. 

No. 

Wt. Imects 
Added 
(Grama) 

Wt. Insects 
Removed 
(Grams) 

Dry Wt. In¬ 
sects Removed 
(Grams) 

Per Cent 
HaO 

Calcd. Dry 
Wt. Increase 
(Grams) 

Diy Food 
Consumed 
(Grains) 

M-i. 

0 5002 

8 8483 

3 1359 

64 6 

2.9587 

9 3418 

M-2. 

0.6026 

7 8599 

2 8077 

64 3 

2 5922 

8 3833 

M-3 . 

0 8766 

8 8296 

2.9789 

66 3 

2 683s 

8.5769 


TABLE 2 

COMPOSITION OF THE INSECTS AND FOODSTUFF IN PERCENTAGE OF DRY WEIGHT 


Expt. 

No. 

N 

Ash 


Ca 

Ether 

Sol. 

I. No. 
of Fat 

M-l. 

8.86 

MEM 

HUSH 

mum 

IS 6 

57 

M-2. 

8 65 

wflt 



16.3 

SS 

M -3 . 

8 82 

-,f 


■8H 

!7-I 

57 

Foodstuff. 

4.48 

mm 

mm 

mam 

0.86 

hi 


This indicated there was a need for supplementary factors (McCay, 1933). In one 
study a group was maintained for 2 months upon the synthetic diet without supplements 
and then grew normally when transferred to the stock diet. This indicated that growth 
could be resumed after a period of retardation. 

In order to check the first findings the diets shown in Table 3 were designed. The 
salt mixture (S.M.) was that of Osborne and Mendel (1919). The other constituents had 
been extracted for use in vitamin A testing with rats. 

This experiment was started by placing twelve individuals in each bottle with the 
respective diets. The mean weight at the time they were placed in the bottles was 3.8 
mg. The bottles were then placed in the incubator at 25° C. for 60 days. They were 
examined at intervals of 2 weeks and the growth noted, but they were not disturbed. 
At the end of 60 days they were etherized, weighed, and pasted to cards. The photo¬ 
graph, Figure 3, shows the relative sizes of the members of the different groups. In 
this case the differences are so obvious that it is hardly necessary to refer to the column 
of mean weights in Table 3. 
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In addition to confirming the first conclusions that cockroaches need some vitamin 
supplements, these data indicated some interesting lines of attack. In the first place, 
Group 20 was inferior to Group 14. These groups weie not strictly comparable, however, 
smce the diets differ in composition, but they suggest that gelatin may be less satis¬ 
factory than casein as a souice of protein This pioblem is subject to solution with 
insects as well as rats but is difficult, because the cockroach can probably select yeast 
cells from the remainder of the food while the rat cannot This makes it necessary to 
work with soluble vit amin extracts instead of particles so that no oppoi tunity is afforded 
for selection by the insect. It is quite possible that gelatin may be an incomplete protein 
in Diet 20 and that there may be essential amino acids for insects as well as rats. This 


The composition or diets with the tinal number alive 

AND THE MEAN WEIGHT 


Diet No 

: 

Composition 

• 

Number Alive 
aftei 60 Dd>s 

Traal 

Mean Weight 
in Mg after 

60 Days 

5 

Whole wheat 50, dry skim milk so 

10 

lost 

10 

Casein 5, S M 5, sucrose 90 

4 

10 3 

13 

Casern 40, S M 5, sucrose 55 

7 

12 7 

13 

Casern 40, S M 5, starch 55 

7 

n 4 

14 

Casern 40, S M 5, starch 4s, 
yeast 5, C L 0 s 

7 

62 0 

IS 

Casern 40, S M. a, starch 58 

8 

14 3 

16 

Zem ao, S M 5, sugar 75 
t S M 5, sucrose 95 

Gelatin 5, S M 5, staich 90 

8 

13 7 

17 

11 

7 4 

18 

10 

13 8 

19 

Gelatin 20, S M 5, starch 75 

8 

12 7 

20 

Gelatin ao, S M 5, suciose 65, 
yeast 5, C L 0 5 

9 

45 6 


experiment might easily fail to show this if the insect ate enough yeast cells to satisfy 
its amino add requirement. 

These data indicate that Diet 17 was the most effective in pieventing giowth. In 
60 days this group only grew as much as they would ordinarily giow in 4 days on a 
complete diet. On the other hand, a large percentage of this group survived 

Unfortunately, the mean wdght of the group fed the stock diet of wheat and skim 
milk was lost, but duiing the entire experiment this group giew more rapidly than any 
other. This mixture of natural foodstuffs is superioi to the synthetic diet with its addi¬ 
tion of cod liver oil and yeast. In all experiments upon this stock diet with its base of 
whole wheat it has been noted that the cockroach refuses to ingest much of the cellulose. 
This is sorted out and left behind as the diet is consumed. 

These experiments also indicate that cannibalism will not interfere seriously with 
assay experiments in this case Even Group io, which ended with only a few insects, 
made little gain in weight. 

THE ACCESSORY FACTORS RESPONSIBLE FOR GROWTH 

In a second series of experiments the earlier results were checked with modifications. 
New diets were devised. The composition of these diets is shown in Table 4. The con- 
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stituents of these diets were purified in the same manner as those used previously Un¬ 
fortunately, a number of other experiments in this series were lost through an accident 
Diets 26, 27, and 28 were designed to determine if the fat-soluble vitamins alone 
were sufficient for growth Since Diet 26 gave poor growth compared to 27 and 28, 
this furnishes additional evidence that some factor in yeast is essential On the other 
hand, Diet 37 was satisfactory for growth although it contained little fat while 38, 
which had ample fat but no yeast, failed. This experiment is of special interest because 
the diet containing the lard tended to mold but this mold was not used in supplying a 



Fig 3 —Cockroaches of the same age after being fed various diets for sixty days 


growth factor. Number 37 indicates that vitamin studies with this species can be made 
with diets low in fat. This is especially desirable because of mold growths upon fat- 
rich diets. 

Diets 39, 40, and 41 represent another attempt to determine if the quality of the pro¬ 
tein is of importance to an insect. Owing to difficulties with molds this must be repeated, 
but this preliminary trial indicated that casein was the most satisfactory. In these ex¬ 
periments an alcoholic extract of yeast was used to avoid the danger of protein selection 
from yeast cells. Of the three proteins tested, casein was better than gelatin and this in 
turn proved better than zein. These experiments also provide a starting-point for de- 
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termining which B fraction is essential for the cockroach. The alcoholic extract per¬ 
mitted good growth, but this experiment was not carried through the entire cycle to 
include reproduction. 

The combined evidence from all these experiments indicates that this species has 
little if any need for vitamins A or D but that there is a requirement for some of the 
factors of yeast. In no case was growth upon synthetic diets equal to that upon mixtures 
of dried slum milk and wheat. 

An additional series of sixty experiments that will not be reported in detail indicated 
that extracts of yeast made with 95 per cent alcohol were more potent as supplements 
than either water extracts or those of water-alcohol mixtures. 

TABLE 4 


Diets varying in their content of yeast and in the quality of protein 


Diet No. 

Composition 

Growth Rate 

26. 

Casein 20, starch 62, S. M. 3, lard 10, yeast 0, C.L.O. 5 

Casein 20, starch 59, S. M. 3, lard 10, yeast 3, C.L.O. 5 

Casein 20, starch 55, S.M. 3, lard 10, yeast 6, CX.O. 5 

Casein 20, starch 72, S. M. 3, lard 0, yeast 5, CX.O. 0 

Casein 20, starch 67, S. M. 3, lard 10, yeast 0, CX.O. 0 

Zein 20, starch 62, S. M. 3, lard 10 (Ale. Ext.), CX.O. 5 
Gelatin 20, starch 62, S. M. 3, lard 10 (Ale. Ext.), CX.O. 5 
Casein 20, starch 62, S. M. 3, lard 10 (Ale. Ext.), CX.O. 5 

poor 

good 

good 

good 

poor 

poor 

moderate 

good 

27. 

28. 


38 . 

20. 

U7 .. . . 

40 .. 

41 . 

.. 


ATTEMPT TO ASSAY ALCOHOLIC EXTRACTS OF YEAST 

An attempt was now made to assay the alcoholic extract of yeast. Five hundred 
grains of dry yeast were extracted in a continuous extractor on the steam bath with 
2,500 cc. of 95 per cent alcohol. This extract was stored in a dark bottle in the refrig¬ 
erator. 

For a basal test diet a mixture of casein 30, salt mixture 4, and starch 66 was used. 
(The salt mixture was that of Osborne and Mendel.) Five grams of this diet were pre¬ 
pared for feeding by sprinkling a given amount of the alcoholic extract over it and 
evaporating it dry in vacuo at 65° C. This was then ground in a mortar to a powder, 

Three bottles of ten insects each were used for the first three diets and eight bottles 
of ten each for No. 104. 

The mean weight of the insects in each bottle was determined at the beginning of the 
experiment and two months later. The results recorded in Table 5 show conclusively 
the effect of the highest level of yeast extract in the growth of No. 103. The lower 
levels gave results similar to the basal diet without supplements. One cubic centimeter 
of this alcoholic extract per gram of basal diet (No. 103) stimulated growth to about 
half adult size in the course of 2 months. This growth was not marimnm compared to 
that obtained with the stock diet of wheat and milk, but it showed the s timulating 
effects of the extract quite clearly. 

Two weeks after this experiment with casein was started, another was begun using 
gelatin instead of protein in the basal diet. 

The same number of groups was employed for each diet except that ten groups of 
ten each were used for No* 108* The mean weights for these are recorded at the end of 
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2 and 3 months. Here again there is a marked stimulus to growth in the case of those 
allowed a supplement of i cc. of alcoholic extract per gram of basal diet (No. 107). 
There is little difference at the end of 2 and 3 months, indicating the shorter period was 
adequate for preliminary testing of extracts. 

TABLE 5 


The effect of supplementing casein and gelatin diets with dif¬ 
ferent LEVELS OF ALCOHOLIC EXTRACT OF YEAST AND EXTRACT 
WITH MUCH OF THE NITROGEN REMOVED 


Diet No. 

Supp. in Cc. 
per 5 G. Feed 

Mean Wt. 
Start (Mg.) 

Mean Wt. 
a Mo. (Mg.) 

Mean Wt. 

3 Mo. (Mg.) 


“Casein'* EtOH Exts. Yeast 

IOA. 

0.0 

2 e 

7 6 


101... 

0.1 

*• 0 

8 1 


102. 

1.0 

J 3 

1 . 4 , 

0 2 


101... 

5 -o 

3*3 

y * 

24.4 





'Gelatin' 1 EtOH Extii. Yeast 

I08. 

0.0 

i *9 

5*5 

7-3 

i °5 . 

0.1 

3*3 

5-9 

6.2 

106. 

1.0 

2.2 

8.2 

9.0 

107. 

S-o 

2.2 

16.5 

18.2 


"Cuein" Pb (AcOMltaCQ, Pptd. Bits. Yeut 

104a. 

0.0 

4-9 

10.2 

14.2 

no. 

1.0 

4.6 

10.1 

18.6 

in. 

5 -o 

4.6 

n.9 

20.4 

112. 

20.0 

S*° 

18.0 

35 *i 


“Casein” EtOH Ext. Yeast 

103a. 

5-0 

5*4 

12.0 

46.7 


The analysis of the yeast extract used above gave the following values per cc.: 

N “ 0.039 mg. 

P =* 0.009 mg. 

Dry matter = 9.6 mg. 

Amino N ■= o.1-0.2 mg. (higher value after 30 mins, in the Van Slyke App.) 

To remove part of this nitrogen, 300 cc. of the alcoholic extract was treated with 
3 cc. of saturated lead acetate followed by 3 cc. of 10 per cent sodium carbonate. This 
was filtered, centrifuged, and then treated with HaS. After filtration it was made slightly 
add with HC 1 and again saturated with HaS. The filtrate from this procedure was re- 
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duced in volume on the steam bath, neutralized with NaOH, and finally made to a 
volume of 300 cc. with EtOH. 

About one-fourth of the original nitrogen was still left in the solution while about 
three-fourths was removed by this precipitation. 

To test the filtrate after treatment with mercuric acetate and sodium carbonate, 
three levels of the filtrate were fed as supplements to the casein basal diet used in 104. 
One, five, and twenty cubic centimeters of the filtrate were dried on 5-gram samples 
of basal diet (Nos. no, in, and 112). For comparison Diets 104a and 103a were used. 
The former contained no supplement and the latter 5 cc. of the original alcoholic ex¬ 
tract. These diets with extract supplements are termed Nos. no, in, and 112. 

These insects were weighed at monthly intervals for 3 months. The mean weights 
and the number alive are given in Table 5. These results indicate that the filtrate from 
the mercuric-acetate-treated solution was still potent in stimulating growth but much 
less effective than the original alcoholic extract of yeast. The development of mature 
adults upon the diet containing the yeast extract (103a) in contrast to that containing 
none (104a) was evident at the time of the last weighing. 

The removal of much of the nitrogen from the alcoholic extract may prove useful 
in future work in testing the need for essential amino acids. 

COMPARISON OP DIFFERENT LEVELS OF Bx FED TO INDIVIDUALS 
AND TO GROUPS 

In order to test a potent source of Bx at various levels and at the same time to deter¬ 
mine if groups instead of individuals can be used for such assays, the following experi¬ 
ments were run. 

The same basal diet with casein as a protein source as that used previously was sup¬ 
plemented with Bx concentrate from rice polishings (Burroughs, Welcome and Com¬ 
pany). It was included in the diet at levels of o, 0.05,0.5, and 5 per cent. A positive con¬ 
trol fed the stock diet was included in the series. Three bottles of ten individuals each 
were used for each diet as well as ten insects in individual cages. These were weighed 
at the beginning, the tenth day, and one month. Table 6 gives a summary of results. 

These data indicate that there is little advantage in using individuals in preference 
to groups at the present state of testing. The conclusions would have been the same in 
either case. 

No specific response to Bi concentrate was obtained whatever the level. The addition 
of B x to the basal diet makes little improvement and the growth rate does not compare 
favorably between synthetic diets and natural stock diet. The basal diet is apparently 
highly deficient in factors other than B,. 

THE ETHER-SOLUBLE PORTION OF THE ALCOHOLIC EXTRACT 

Four hundred cubic centimeters of the alcoholic extract were evaporated to a syrup. 
This was extracted with ethyl ether. A fine white powder and an orange paste remained 
behind. The white powder dissolved readily in EtOH but the syrup only dissolved after 
considerable boiling. 

For this test insects from Diet 108 that had grown little were selected. It was assumed 
that these would resume growth if the extracts were potent and fail if they were not. 

Neither the alcohol nor the ether-soluble fractions stimulated growth in the course 
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of 65 days. Either the extracts were not potent or the insects could not respond after 
their period of retardation upon Diet 108. 


THE FEEDING OF CONCENTRATES OF B x AND G 

A basal diet was employed consisting of casein 40, salt mixture 4, and starch 66. To 
each 100 grams of this mixture were added 3 grams of cottonseed oil. Experiments were 
run in triplicate using bottles with ten insects in each. 

TABLE 6 


Diet 


Mean Wt. 

10 Days 

Mean Wt. 

1 Month 

No. Alive 
zo Days 

No. Alive 

1 Month 

Basal alone. 

Group 

3-6 

5 -0 

10 

8 


Group 

4-3 

5-0 

10 

9 


Group 

38 

5-0 

10 

9 


Individual 

4-1 

4 1 

10 

6 

Basal plus 0.05 — 

Group 

3.8 

8.0 

7 

6 


Group 


7.0 

8 

7 


Group 


5 -o 

10 

8 


Individual 


38 

10 

7 

Basal plus 0 5. 

Group 

5 -i 

7.0 

10 

8 


Group 

4-3 

6 0 

10 

8 


Group 

4 3 

7 0 

10 

7 


Individual 

4.9 

5 • 3 

10 

7 

Basal plus 5.0. 

Group 

6.2 

9 ° 

9 

5 


Group 

5-5 

8.0 

10 

3 


Group 

5 -i 

8.0 

8 

4 


Individual 

6.0 

5-3 

10 

7 

Stock diet. 

Group 

m1 

35-0 

10 



Group 


43.7 

10 



Individual 

MM 

57-5 

10 

HI 


The purpose of the first series was to add B x and G at two different levels and to add 
each separately. The sources of B r and G were a rice polish extract of the Burroughs, 
Welcome Company and “XXX liquor” of the Borden Company. Groups in these trials 
were weighed 10 and 20 days after the beginning as well as at the start. The results of 
these experiments are summarized briefly in Table 7. 

These data indicate clearly that a basal diet supplemented with sources of both B t 
and G at relatively high levels gives relatively poor growth compared to a mixture of 
wheat and milk. This would seem to indicate that the basal diet is not satisfactory or 
that other vitamin fractions are essential. The best results upon the synthetic diets 
were obtained with a mixture of B t and G at relatively high levels, but these differed 
too little from the poorest and were too far from those fed the natural foods to be of 
much significance. This experiment was repeated with higher levels of the concentrate, 
but the results were the same and little growth resulted. 

The effect of autoclaving the stock diet was now tried. The mixture of wheat flour 
and dry skim milk was autoclaved dry after making it into a mush. The value of the 
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stock diet did not seem impaired by this treatment which was made under the same 
conditions as those used for preparing yeast for B, assays. 

FURTHER STUDIES WITH B REACTIONS 1 

In order to test other B fractions a new series was now run. The composition of the 
diets and the fractions used as well as the results are summarized in Table 8. The G 
was the impure flavine from yeast (Kinnersley, O’Brien, Peters, and Reader, 1933). 
The “basal" diet was the mixture used at Oxford for assaying B fractions with rats. 
These results indicate further that yeast contains other fractions essential for this species. 

TABLE 7 

Failure of B, and G supplements to permit growth 


Diet 

Mean Wt. 
Begin. 
(Mg.) 

Mean Wt. 
10 Days 
(Mg.) 

Mean Wt. 

30 Days 
(Mg.) 

Basal+0.1 per cent “Bi’’+o.i per 
cent “G”. 

1 -7 

a .9 

38 

Basai+o.i per cent "G”. 

1.8 

a.S 

3-2 

Basal+1.0 per cent “Bi”+i.o per 
cent “G”. 

1.8 

2.7 

4-3 

Basal+i per cent “B x ”. 

1-7 

2.9 

3-5 

Basai+3 per cent “G”. 

Wheat-milk (stock). 

1 6 

2.6 

3*4 

i .7 

8.4 

231 

Basal alone. 

1 

2.6 

3-0 


TABLE 8 


Growth with B, and G, supplements 


Diet 

Wt. Start 

Wt. so Days 

No. Alive 
so Days 

Basal alone. 

mBm 

3*1 

s 

Basal+B x + G. 


4.9 

t 

Basal+Bi. 


3-5 

7 

Basal-j-G . 


1.7 

2 

Stock diet. 

■El 

9.0 

8 


SUPPLEMENTING BASAL DIETS WITH YEAST, WATER EXTRACT OP YEAST, AND 
YEAST RESIDUE APTER WATER EXTRACTION 

As an additional advance, comparisons were made between fresh yeast, its water 
extract, and the residue after water extraction. One hundred and fourteen grams of 
fresh yeast were extracted with small portions of boiling water. This was repeated six 
times and centrifuged between each. This yielded a total of about 60 cc. of extract. In 
our table of diets 5 per cent in the case of the extracts means that 5 cc. of this liquid 
was mixed with 100 grams of the basal diet. Duplicate groups of 14 each and of almo st 

1 These studies were made in the biochemistry laboratory of Oxford University. The author wishes 
to express his appreciation to Professor R. Peters and to Dr. J. R. O’Brien for supplying B fractions and 
providing facilities for these studies. 
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the same mean weight at the start were used. The diets and results are summarized 
in Table 9. 

TABLE 9 

Effect of feeding yeast and aqueous extracts 


Diet 

Wt after 

4 weeks (mg.) 

Diet 

Wt. after 

4 weeks (mg. 

Basal+10 per cent yeast (fresh).. 

15.6 

Basal+10 per cent extract — 

... 5.8 


13-4 


7.5 

Basal+20 per cent yeast (fresh). 

11.2 

Basal+20 per cent extract_ 

4-1 


16.6 


8.6 

Basal+10 per cent residue. 

8.6 

Basal alone. 

2.0 


4.9 


4.4 

BasaI+20 per cent residue. 

6.8 

Stock diet. 

17.4 


4-2 


I 3 - 2 


These results indicated that the basal diet supplemented with fresh yeast was almost 
equal if not equal to the stock diet. The water extracts of yeast and the yeast residue 
yielded intermediate results between the basal diet alone and the yeast diets. As a whole 
both the residue and the extract proved poor compared to the yeast and the stock diet. 


fat soluble vitamins 

To determine the efiect of extracting the stock diet with fat solvents four experiments 
were run. Three groups of ten each were fed each diet: 

Diet A .—Wheat-milk stock diet extracted with ethyl ether—residue only 
Diet B. —Wheat-milk stock diet extracted with ethyl ether and the extract recombined with 
the diet 

Diet C .—The same as A except petroleum ether was used 
Diet D .—Diet C was recombined with the extract 

Table 10 shows the weight increases for each of the groups. 


TABLE 10 


Growth upon stock diet of wheat and milk extracted with 
ethyl and petroleum ether 


Diet 

A. Wheat-milk-residue after extraction with Et a O... 9.4 

B. Wheat-milk extracted with EtjO and recombined 

with extract. 10.9 

C. Wheat-milk extracted with petroleum ether. 8.0 

D. Wheat-milk extracted with petroleum ether and 

recombined. 10.9 


10 Days 
Mean Wt. 
(Mg.) 



I9.7 

29.O 

l8.0 

3«>.5 


The diets with the residues and the extracted materials returned were superior to 
the residues alone. Either some essential had been removed by the ethers or the physical 
condition of the diet had become unfavorable. If alcohol had preceded the ether extrac¬ 
tions, more marked differences might have resulted. It is unlikely that either vitamin 
A or D is responsible for the difference although this must ultimately be checked by 
direct test. E may be important. Specific fatty adds and cholesterol may be essential. 
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ALCOHOIIC-ETHEB. EXTRACTION OR FOODSTUFF 

In another experiment the stock diet was extracted with ethyl alcohol (95 per cent) for 
48 hours. This was then followed by extraction with petroleum ether for the same time. 
These resulting fractions were tested in triplicate. 

These data which are not included indicated that extraction with alcohol and ether 
removes something that is essential and which is not made good by vitamins A, D, B t) 
and G. The better growth upon the stock diet indicated that the extraction and re¬ 
combination may have actually destroyed some essential substances. The other pos¬ 
sibility is that the solvents left a toxic residue 

TABLE 11 

Life span of Blatlda germanica 


Source of 
Insects 

Diet Fed for the 
Remaining Life 

Mean Wt. 
Attained 
in Mg. 

Wt. Ex- 
ti ernes 
in Mg. 

Mean Life- 
Span in 
Days 

Life-Span 
Extremes 
in Days 

Diet 105. 

“Gelatin” basal+2 cc. 
Ext. (yeast) per 5 grams 

6.0 

4.a- 9 S 

iss 

107-245 

Diet 107. 

“Gelatin” basal+20 cc. 
Ext. (yeast) per 5 grams 

22.2 

10.4- 35.2 

206 

107-317 

Diet 103. 

“Casein” basal+5 cc. 

Ext. (yeast) per 5 grams 

56 

21 -106 

179 

78-314 

Diets 101, loa, 104 

Casein basal+2 cc. Ext. 
(yeast) per 5 grams 

16.4 

< 5 - 4 - 39 3 

175 

133-263 


LIFE SPAN DATA 

This species seems to be especially adapted for population and life span studies. It 
does not pass its life-cycle in the midst of its food and therefore fewer complications are 
introduced from excreta and bacterial action. These factors are of interest in interpreting 
data from insects and in drawing conclusions to assist in problems with higher animals. 
Individuals from the preceding assays were available for life-span studies after failure 
to grow owing to vitamin deficiencies. 

In the present study an attempt was made to measure the life-span of individuals 
retarded in growth and never allowed to mature in comparison with those reared to 
maturity. In each case the retardation was effected by limiting the vitamin B allowed 
in the alcoholic extract of yeast. The individuals studied were employed originally for 
the assays described previously. Pertinent data regarding life-span are shown in Table 11. 

These data indicate that the normal life-span for this species held at 25° C is seven 
months or less. These data also show that growth can be retarded for five months. In 
early experiments growth was resumed after retardation but no studies have been made 
after retardation of as large a fraction of the total life-span as five months. 

SUMMARY 

Methods for employing the ordinary cockroach, germanica, in nutrition studies have 
been devised. The conversion of matter into body tissue by this species indicates that 
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it is nearly tliree times as efficient as the better domestic animals such as swine. An 
extensive series of tests to determine the vitamin needs of this insect indicates that it 
must have certain essential factors found in yeast. These factors seem to be partly 
soluble in water and partly in lipid solvents such as alcohol and ether. These factors 
seem to be different from B x and flavine. No evidence indicates any need for fat-soluble 
vitamins A and D. Life-span data for this species indicate that all die within a year. 
Individuals whose growth has been checked by vitamin deficiencies can live for as much 
as five months. 3 
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1892a. Statistics of “unconscious cerebration.” Amer. Jour. Psychol., 5:249-59. 

1892ft. The functions of the nervous system of the Myriapoda. Amer. Nat., 26:1051- 

55 * 

In the absence of head or cerebral ganglia, the trunk will, when stimulated, execute 
normal movements, but weaker and less exact. The effects of partial destruction of the 
cerebral ganglia are proportional to quantity destroyed; circus movements result when 
half is destroyed. No difference was found in trunk behavior with respect to level. 

1894a. Beitrage zur Kenntnis der antennalen Sinnesorgane der Insekten. Zool. Anz., 
17 : 35 - 38 . 

1894ft. Contributions to the knowledge of the antennary sense-organs of insects. Ann. 
and Mag. of Nat. Hist., 13:372-74. 

A translation of 1894a. Surveys the occurrence of the antennary sense organ in the 
orders of insects. 

1894a. Ein bisher wenig beachtetes antennales Sinnesorgan der Insekten mit besonderer 
Beriicksichtigung der Culiciden und Chironomiden. Zeitschr. f. wiss. Zool., 
58:475-528. 

This, Professor Child's thesis at the University of Leipzig, has become a standard 
reference in entomological works. A detailed account of the histology and innervation 
of an antennary sense-organ, especially in the lower Diptera; perception of vibrations 
is suggested as the function. 

1896. Translation of E. Haase: Researches on mimicry on the basis of a natural 
classification of the Papilionidae. Part H. Stuttgart and London. Pp. 154; 8 
plates. 

1897a. Centrosome and sphere in the ovarian stroma of mammals. Abstract, Zoology 
Club, University of Chicago, meeting of January 6, 1897. Science, N.S., 
5:231-32. 
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i8g7rf. Centrosome and sphere in cells of the ovarian stroma of mammals. A prelimi-* 
nary communication. Zo 5 l. Bull., 1:87-94. 

Stroma cells of the pregnant ovary of rabbit and dog contain spheres and centrioles, 
although they do not divide. 

18976. I. Cleavage of the egg of Arenicola* H. The oblique cleavage and its relation to 
the mosaic theory. Abstract, Zoological Club, University of Chicago. Sci¬ 
ence, N.S., 5:629-31. 

1897c. A pr eliminar y account of the cleavage of Arenicola cristala , with remarks on the 
mosaic theory. Zool. Bull., 1:71-85. 

18980. Some features of the oogenesis of Stemaspis. Science, N.S., 7:104-5. 

18986. The maturation and fertilization of the egg of Arenicola marina . Trans. N.Y. 
Acad. Sci., 16:387-94. 

1898c. The axes of the annelid egg. Science, N.S., 8:140. 

iqooc. The significance of the spiral type of cleavage and its relation to the process of 
differentiation. Biol. Lectures, Marine Biol. Lab. Woods Hole, for 1899, pp. 
2 3 I ”^S- 

1900 d. The early development of Arenicola and Sternaspis . Arch. f. Entw’mech., 9:587- 
7 * 3 - 

Final extensive paper to which the preceding six are preliminary; a classic on cell 
lineage. Spiral cleavage is interpreted as a form of cleavage offering the least physical 
obstacle to intercommunication of the components. Bilateral cleavage is later super¬ 
imposed on the spiral type and leads directly to the formation of the larva; hence 
called “morphogenetic cleavage.” In annelids and mollusks morphogenetic cleavage 
is increased at the expense of spiral deavage. The cleavage pattern of different spedes 
is identical only as long as the spiral type obtains. The differentiation of larva 1 or¬ 
gans is related to their functional necessity, and hence may occur at different times 
in the development of different spedes. Bilateral deavage is interpreted as accomplish¬ 
ing a symmetrical distribution of materials to the larva. The mosaic theory is rejected 
on the grounds of the failure of exact cell homology in many cases, the differences in 
size and structure of blastomeres having the same fate, and the ability of portions of 
determinate embryos to regulate to at least some extent. A strictly cellular theory of de¬ 
velopment must always be inadequate; the explanation of development must be sought 
in the organization of the egg and of each stage as a whole. Hertwig’s view that the 
fate of a cell is a function of its position is accepted. 

1900a. The egg of the Stickostemma. Science, N.S., 11:249-50. 

1901c, The habits and natural history of Stickostemma* Amer. Nat., 35:975-1006. 

The external features, occurrence, movements, reactions, food, and enemies of the 
fresh-water nemertean are described. The habit of forming a slime coat may have pro¬ 
tective value. Self-fertilization is probably the rule. Each ovary is a sac with a syncy¬ 
tial wall; this wall gradually bulges into the cavity as a single egg, which finally con¬ 
stricts off and flows through the small pore to the exterior. 

19006. A specimen of Nais with a bifurcated prostomium. Anat. Anz., 17:311-12. 

19005. Abnormalities in cestodes. Abstract, Zoological Club, University of Chicago. 
Science, N.S., 12:28-29. 

1900/, Abnormalities in the cestode Moniezia expans a . I. Imperfect and partial pro- 
glottids. Biol Bull., 1:215-50. 
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1900$. Abnormalities in the cestode Moniezia expansa. II. 1. Spiral abnormalities. 2. 
Other abnormalities. Biol. Bull., 1:261-90. 

19026. Abnormalities in the cestode Moniezia expansa . III. Biol. Bull., 3:95-114, 143- 
60. 

The abnormalities consist chiefly of imperfect separation of proglottids. Study of 
the development of the proglottids and their organs showed that the external abnor¬ 
malities are but a surface egression of internal developmental anomalies. 

1901a. Regulation in Stenostomum . Abstract, Zoological Club, University of Chicago. 
Science, N.S., 14:28-29. 

19016. Fission and regulation in Stenostomum leucops . Abstract, Meeting of American 
Morphological Society, Baltimore, December, 1900. Biol. Bull., 2:329-31. 

1902a. An experimental study of regulation in Stenostoma . Science, N.S., 15:527-28. 

1902c. Studies on regulation. I. Fission and regulation in Stenostoma . Part I. The 
structure and movements of Stenostoma and the process of fission. Part II. 
The theory of mechanical regulation. Arch. f. Entw’mech., 15:187-237. 

1902 d. Studies on regulation. I. Fission and regulation in Stenostoma . Part III. The 
regulation of zooids and groups of zooids. Arch. f. Entw’mech., 15:355-420. 

19036. Studies on regulation. II. Experimental control of form-regulation in zooids and 
pieces of Stenostoma . Arch. f. Entw’mech., 15:603-37. 

19035. Studies on regulation. ID. Regulative destruction of zooids and parts of zooids 
of Stenostoma. Arch. f. Entw’mech., 17:1-40. 

These papers on Stenostomum are the first of a long series of researches on the role of 
mechanical factors, especially tensions resulting from locomotion and attachment, in 
form-regulation. Stenostomum attaches by the tail and ventral surface; such tensions 
induce a conoidal form. Regulation can be controlled by preventing attachment 
through keeping the pieces moving; this inhibits or delays the formation of a tail. 
Typical increase in length, decrease in breadth, of regenerating pieces result from tail 
attachment and are greatest in pieces with heads, since these attach. Pieces without 
heads do not attach, and change shape slowly. Stenostomum has no “normal” form; its 
form is the result of its activities; morph all axis is brought about by differences in ten¬ 
sions. In pieces containing parts of more than one zooid, the oldest zooid absorbs the 
younger zooids or portions thereof anterior to it. 

1903a. With A. N. Yoxjng. Regeneration of the appendages in nymphs of the Agrio- 
nidae. Arch. f. Entw’mech., 15:543-602. 

Emphasis is placed on the correlation between the regeneration of muscles and ten¬ 
dons and the regeneration of legs and formation of joints. Normal segmentation of the 
leg into joints depends on regeneration of normal muscle arrangements; the tarsal claws 
do not become articulated unless tendons reach them. 

1903/. Form-regulation in Coelentera and Turbellaria. Smithsonian Misc. Coll. 
45 ’• 134 - 43 * 

Summary of work on the regeneration of Leptoplam , Cestoplana, Cericmthus , and 
Tubularia . 

1903c. Form-regulation in Cerianthus . I. The typical course of regeneration. Biol. 
Bull., 5:239-60. 

1903d. Form-regulation in Cerianihus. II. The effect of position, size, and other factors 
upon regeneration. Biol. Bull., 5:304-19. II. Continued. BioL Bull., 6:1—11. 
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1904a. Form-regulation in Cerianthus . III. The initiation of regeneration. Biol. Bull., 
6 : 55 - 74 - 

19046. Form-regulation in Cerianthus . IV. The role of water-pressure in regeneration. 
Biol. Bull., 6:266-86. 

1904J. Form-regulation in Cerianthus . V. The role of water-pressure in regeneration: 
further experiments. Biol. Bull., 7:127-53. 

1904c Form regulation in Cerianthus. VI. Certain special cases of regulation and their 
relation to internal pressure. Biol. Bull., 7:193-214. 

1904/. Form regulation in Cerianthus. VII. Tentacle-reduction and other experiments. 
Biol. Bull., 7:263-79. 

1905a. Form regulation in Cerianthus. VIII. Supplementary partial discs and hetero- 
morphic tentacles. Biol. Bull., 8:93-122. 

19056. Form regulation in Cerianthus. IX. Regulation, form and proportion. Biol. 
Bull. 8:271-89. 

19086. Form regulation in Cerianthus aestuarii. Biol. Bull., 15:27-53. 

Cerianthus pieces collapse; the ends close; and the piece distends through water in¬ 
take. Such distension is a necessary condition for normal regeneration. If prevented 
by keeping the aboral end open, regeneration is delayed or inhibited, and regenerated 
tentacles are short and stumpy. The direct factors are probably water currents striking 
against the anterior end of the piece. Regeneration is greatest in rate and amount 
orally and decreases basally. In oblique pieces the most anterior angle regenerates first. 
Regeneration is not proportional to the size of the piece but is relatively greater the 
smaller the piece. The change of form of pieces in the direction of normal elongated 
shape occurs chiefly after the regeneration of the oral end. 

1904a. Studies on regulation TV. Some experimental modifications of form-regulation in 
Leptoplana. Jour Exper. Zool., 1:95-133. 

1904$. Studies on regulation. V. The relation between the central nervous system and 
regeneration in Leptoplana: posterior regeneration. Jour. Exper. Zool., 1:463- 
512. 

19042. Studies on regulation. VI. The relation between the central nervous system and 
regeneration in Leptoplana: anterior and lateral regeneration. Jour. Exper. 
Zodl., 1:513-57. 

1905c. Studies on regulation. VII. Further experiments on form-regulation in Lepto¬ 
plana. Jour. Exper. Zool., 2:253-85. 

Further pursuit of the idea of the importance of pressure and tension in regeneration. 
In curved pieces of the polyclad Leptoplana the regenerated tail curves in the direction 
of the principal tension. Regions develop in a typical form because they function in a 
characteristic manner. The regenerated tail is shorter and less pointed the less active 
the piece. The amount and completeness of anterior and lateral regeneration are also 
correlated with the characteristic motor activity. Changes in proportions are the result 
of tensions during locomotion. 

1905*7. Studies on regulation. VIII. Functional regulation and regeneration in 
Cestoplana . Arch. f. Entw’mech., 19:261-94. 

1905/. Studies on regulation. IX. The positions and proportions of parts during regula¬ 
tion in Cestoplana in the presence of the cephalic ganglia. Arch. f. Entwhnech., 
20:48^75. 
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1905#. Studies on regulation. X. The positions and proportions of parts during regu¬ 
lation in Cestoplana in the absence of the cephalic ganglia. Arch f. Entw’mech., 
20:157-86. 

19070. Studies on regulation. XI. Functional regulation in the intestine of Cestoplana . 
Jour. Exper. Zobl., 4:357-98. 

19100. The central nervous system as a factor in the regeneration of polyclad Turbel- 
laria. Biol. Bull., 16:277-96. 

Pieces with ganglia elongate and become tapering, owing to locomotor activity. 
Pieces without ganglia regenerate but little; they undergo redifferentiation of the diges¬ 
tive branches in relation to mechanical conditions. In headless pieces the pharynx is 
more anterior the more posterior the level; pieces behind the old pharynx do not form 
a new pharynx. In starvation the intestine degenerates from periphery to center and 
from the ends toward the pharynx. In regeneration, branches of the intestine degener¬ 
ate and new ones arise, corresponding in arrangement to the appropriate body region. 
In headless pieces without pharynx the intestine regenerates. Degeneration of old in¬ 
testinal branches and re-formation of new ones are assigned to mechanical conditions. 

19050. Regeneration in nudibranchs. Science, N.S., 21:851. 

1906a. Contributions toward a theory of regulation. I. The significance of the differ¬ 
ent methods of regulation in Turbellaria. Arch. f. Entw’mech., 20:380-426. 

19060. The relation between functional regulation and form-regulation. Jour. Exper. 
Zo 5 l., 3 : 559 " 82 - 

1907d. The localization of different methods of form-regulation in Polychoerus caudatus 
Arch. f. Entw’mech., 23:227-48. 

These four papers continue the thesis that regulation results from the regenerating 
part acting functionally like the part removed. In different forms and different levels 
of the same form, redifferentiation (morphallaxis) and regeneration proper occur to 
different degrees. The more the region where a part was removed is able to substitute 
functionally for the part removed, the greater the role of redifferentiation of old tissue 
in the regulation; and regeneration occurs when functional substitution is limited to 
the cut surface and immediately adjacent tissue. Regulation is defined as a return or 
approach to a physiological or functional equilibrium after such equilibrium has been 
disturbed. 

19060. Some considerations regarding so-called “formative substances.” Biol. Bull., 
11:165-81. 

Proponents of formative substance theories have failed to understand that, since 
organic structure is essentially a space arrangement of materials, formative substances 
would have to act by determining such an arrangement. A gradation of head-forming 
or tail-forming substances would have in itself to be explained; further head and tail 
are highly complex parts. Formative substance theories err not only in these points 
but in failing to recognize that all processes are part of the functional activity of the 
organism. 

1907/. Some corrections and criticisms. Arch. f. Entw’mech., 24:131-46. 

1907/. An analysis of form-regulation in Tubularia. I. Stolon-formation and polarity. 
Arch. f. Entw’mech., 23:396-414. 

1907 g. An analysis of form-regulation in Ttibularia. II. Differences in proportion in the 
primordia. Arch. f. Entw’mech., 23:415-44. 

1907 h. An analysis of form-regulation in Tubularia. III. Regional and polar differences 
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in the relation between primordium and hydranth. Arch. f. Entw’mech., 23: 
44S“S6. 

19072. An analysis of form-regulation in Tubtdaria. IV. Regional and polar differences 
in the time of hydranth-formation as a special case of regulation in a complex 
system. Arch. f. Entw’mech., 24:1-28. 

1907/2. An analysis of form-regulation in Tubtdaria . V. Regulation in short pieces. 
Arch. f. Entw’mech,, 24:285-316. 

190727. An analysis of form-regulation in Tubularia . VI. The significance of certain 
modifications of regulation: polarity and form-regulation in general. Arch, 
f. Entw’mech., 24:317-49. 

19096. The regulation of mutilated primordia in Tubtdaria . Arch. f. Entw’mech., 27: 
106-13. 

In Tubularia pieces the tendency to form stolons aborally is greater the more proxi¬ 
mal the piece. The proportions of the parts of the primordium of the hydranth vary 
with level of piece. Hydranths form earlier on distal than on proximal pieces, and on 
longer than on shorter pieces; aboral hydranths arise later than oral on a piece. The 
shorter the piece, the longer the hydranth in proportion, until very short pieces become 
all hydranth with no stalk. Very short pieces produce simple or double complete or 
incomplete hydranths. The formation of an aboral hydranth is a case of asexual repro¬ 
duction. If the physiological difference between the two ends of a piece is sufficiently 
great, a single structure of reduced size results; if the difference is slight, bipolar struc¬ 
tures result. The polarity of Tubularia is not fixed but reacts to, and is alterable by 
conditions. 

19066. The relation between regulation and fission in Planaria . Biol. Bull., 11:113-23. 

1908a. Physiological basis of restitution of lost parts. Jour. Exper. Zool., 5:485-502. 
Autoreferat in Arch. f. Entw’mech., 26:501. 

19096. The regulatory change of shape in Planaria dorotocepluda . Biol. Bull., 16:277-96. 

Application of the theory of the role of function in regulation to Planaria; a part can 
be replaced only when some remain i ng part is physiologically sufficiently similar to it 
to perform its functions at least qualitatively. The position of the pharynx in regenerat¬ 
ing pieces depends on how much such pieces react like heads or tails, respectively. In 
dilute anesthetics, which prevent locomotion but permit regeneration, the normal 
change of shape of pieces doeB not occur; such change of shape is dependent on locomo¬ 
tion. The presence of a posterior zooid in Planaria is indicated for the first time. 

1908c. Driesch’s harmonic equipotential systems in form-regulation. Biol. Centralbl., 
28:577-88, 609-23. 

A postulate of Driesch's system is retention of proportionality with every reduction. 
Proportionality is not retained with reduction of size of Tubularia pieces but varies 
with level and size. The postulate that in organisms, in contrast with machines, each 
part can do everything is also not in accord with the facts of regeneration. 

190&J. Regulation of Harenactis attenuate in altered environment Biol. Bull., 16:1-17. 

1909a. Experimental control of certain regulatory processes in Harenactis ’aUenuata 
Biol Bull., 16:47-53. 

1909c. Factors of form regulation in Harenactis aUenuata. I. Wound reaction and resti¬ 
tution in general and the regional factors in oral restitution. Jour. Exper. 
Z06L, 6:471-506. Autoreferat in Arch, f. Entw’mech., 28:440. 
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1909*2. Factors of form regulation in Harenactis attenuate. II. Aboral restitution, 
heteromorphosis and polarity. Jour. Exper. ZoSl., 7:65-96. 

1909^. Factors of form regulation in Harenactis attemuUa. III. Regulation in “rings.” 
Jour. Exper. Zool., 7 = 3 S 3 "^ 9 S- Autoreferat in Arch. f. Entw’mech., 29:198-99. 

1910/. Further experiments on adventitious reproduction and polarity in Harenactis . 
Biol. Bull., 20:1-13. 

On removal from its sand burrow the slender Harenactis slowly shortens to a typical 
anemone form with expanded oral and pedal disks; external conditions therefore de¬ 
termine the shape. The results of a cut into the side of the upper end depend on in¬ 
ternal distension; without distension, a part degenerates. Level of piece determines rate 
of closure, amount of restitution, number of tentacles, etc. Pieces through the esopha¬ 
gus usually regenerate biaxial oral ends; below the esophagus no aboral head arises. 
The regeneration of the foot is greatest aborally and decreases distally. Regional differ¬ 
ences are both qualitative and quantitative. Rings result from the union of the two cut 
surfaces into a doughnut shape if mesenteries and esophagus are removed. Such rings 
regenerate irregular tentacles or groups of tentacles along or near the line of union. 
The old polarity is lost, and tentacle groups represent adventitious new polarities. 

1904&. Amitosis in Moniezia. Anat. Anz., 25:545-58. 

1906*2. The development of germ cells from differentiated somatic cells in Moniezia . 
Anat. Anz., 29:592-97. 

1907a. Studies on the relation between amitosis and mitosis. I. Development of the 
ovaries and odgenesis in Moniezia. Biol. Bull., 12:89-114. 

19076. Studies, etc. II. Development of the testis and spermatogenesis in Moniezia. 
Biol. Bull., 12:175-90. 

1907c. Studies, etc. H. Continued. Biol. Bull., 12:191-224. 

1907c. Amitosis as a factor in normal and regulatory growth. Anat. Anz., 30:271-97. 

1907&. Studies, etc. III. Maturation, fertilization, and cleavage in Moniezia . Biol. 
Bull., 13:138-60. 

1907 1 . Amitosis and mitosis in normal and regulatory growth. Proc. Seventh Inti. 
Zoftl. Congress, pp. 344-46. 

1907 p. Studies, etc. IV. Nuclear division in the somatic structures of the proglottids of 
Moniezia. V. General discussion and conclusions concerning amitosis and 
mitosis in Moniezia. Biol. Bull., 13:165-84. 

1910a. The occurrence of amitosis in Moniezia . Biol. Bull., 18:109-19. 

1911c. The method of cell division in Moniezia. Biol. Bull., 21:280-96. 

Amitosis was found to be the characteristic mode of division in rapidly growing 
regions, in the formation of the gonads and their ducts, nephridia, nerve cords, and 
interproglottidal glands. Testes may originate from muscle cells which divide ami- 
totically to become a syncytial mass; the spermatogenic divisions are mitotic. The 
ovaries arise from parenchymal cells by amitotic divisions; maturation and early 
cleavages are mitotic, but later cleavages are amitotic. Amitosis is believed to be char¬ 
acteristic of rapidly growing and highly active regions, as in developing embryos and 
regenerating pieces of hydroids, planarians, etc. 

1907m. Correlation in regulation. Proc. Seventh Inti. Z06I. Congress, pp. 497-500. 

igiod. Physiological isolation of parts and fission in Planaria. Arch. f. Entw’mech. 
(Festschrift filr Roux, Vol. II), 30:159-205. 

1911a. Die physiologische Isolation von Teilen des Organismus als Ausldsungsfaktor der 
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Bildung neuer Lebewesen und der Restitution. Vortrage und Aufsatze liber 
Entwicklungsmechanik (ed. by W. Roux), u. Pp. 157- 
The problem of the unity of the organism is the problem of correlation. The chief 
factor in correlation is antero-posterior dominance: each level dominates the region 
behind and is dominated by that in front. The domination of the anterior end over 
posterior regions declines with distance; hence each individual can reach only a limited 
size; beyond that size there occurs a physiological isolation, essentially similar to a 
physical isolation. Besides this distance factor, the length of the individual and the 
range of dominance of the head are dependent on the degree of activity of the dominant 
region, the efficiency of conduction, and the degree of receptivity of the posterior 
regions. The physiological isolation of posterior parts can be experimentally altered 
by way of these four factors. The results of the physiological isolation of parts depends 
on the capacities of these parts. If they are incapable of regeneration, physiological 
isolation results in atrophy, degeneration, absorption, or death of the parts in question. 
Physiological isolation probably accounts for the absorption or casting off of embryonic 
organs during metamorphosis; also for the self-differentiation of embryonic regions. If 
parts physiologically isolated are capable of regeneration, then asexual reproduction 
occurs. The distance factor is plainly evident in the formation of zooids in naids, 
planarians, and Stenostomum, in the budding of hydroids, etc. Physiological isolation 
may permit the transformation of parts under the action of external factors, as the 
change from vegetative to reproductive organs in plants. The localization of sex cells 
may be the result of physiological isolation. Fragmentation, adventitious budding, 
colony formation—all involve the principle of physiological isolation. Neoplasms may 
also be explained as an escape from physiological control. 

In planarians increase in length results in the formation of zooids in the postpharyn¬ 
geal region and consequent fission. Fission can be induced at a length much shorter than 
normal by starvation, decapitation, dilute anesthetics, rise of temperature, and can be 
delayed beyond the normal length by low temperature. 

1910c. The regulatory processes in organisms. Jour. Morph., 32:171-222. 

The existence and continuity of organic individuality are dependent on physiological 
correlation. Correlative factors classify as mass, or mechanical; transportative; and 
transmissive, or dynamic. Continued existence is continued equilibration; regulation 
is the return to a state of dynamic equilibrium after the previous state has been dis¬ 
turbed, and embraces a wide range of phenomena, from a reflex act to regeneration. 
Life is a succession of equilibrations. The organism is compared to a river, whose struc¬ 
ture is the result of past functioning but also influences present function. The form and 
shape of the river and its banks are the result of the activity of the stream; so, also, 
the organism is constructed by functioning, not for function. The regulatory processes 
classify as quantitative or compensatory and qualitative or transformative. In the re¬ 
generation of a piece there is a transformation of the whole piece, a reconstitution; it 
results from the attempt of the piece to function like the whole. 

igub. Studies on the dynamics of morphogenesis and inheritance in experimental repro¬ 
duction. I. The axial gradient in Planaria dorotocephala as a limi ting factor 
in regulation. Jour. Exper. Zo 5 l., 10:265-320. 

igiid. Experimental control of morphogenesis in the regulation of Planaria. Biol. Bull. 
20:309-31. 

1911/. Studies on the dynamics of morphogenesis, etc. H. Physiological dominance of 
anterior over posterior regions in the regulation of Planaria dorotocephala . 
Jour. Exper. Z06L, 11:187-220. 
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Studies on the dynamics of morphogenesis, etc. III. The formation of new 
zooids in Planaria and other forms. Jour. Exper. Zool., 11:221-80. 

With E. V. McRie. The central nervous system in teratophthalmic and terato- 
morphic forms of Planaria, dorotocephala . Biol. Bull., 22:39-60, 
Antero-posterior dominance in Planaria. Abstract. Science, N.S., 35:935*36. 

The kind and amount of regeneration vary with level and size of piece. Grades of 
head varying from normal through inhibited types to headlessness occur. The rate of 
head formation, the frequency of normal heads and eyes, head size, and the distance of 
the pharynx from the head decrease along the anteroposterior axis, facts indicating the 
existence of an anteroposterior physiological gradient (first mentioned in 1911ft). An 
increase in these matters in postpharyngeal regions shows the presence there of one or 
more zooids physiologically. The inability of pieces to form structures anterior to their 
own level unless some grade of head is first regenerated evidences head-dominance. The 
regulation of a piece to a whole consists essentially of the formation of a new individual 
beginning with the head and proceeding posteriorly under the control and dominance 
of the head. Newly hatched or newly regenerated normal worms have no posterior zooid. 
In normal worms the postpharyngeal region does not isolate as a zooid until a definite 
length is reached; but this happens at a very short length in headless and anophthal- 
mic pieces, and these undergo fission if fed. Large worms consist of several zooids; 
starvation reduces the zooids and increases head dominance. The zooids disappear 
when the isolated postpharyngeal region regenerates a new head. Anything which in¬ 
creases the dominance of the head eliminates zooid formation, and vice versa. Decapi¬ 
tation induces fission in small animals. 

19x06. Analysis of form regulation with the aid of anaesthetics. Biol. Bull., 18:161-73. 

1912c. Studies on the dynamics of morphogenesis, etc. IV. Certain dynamic factors in 
the regulatory morphogenesis of Planaria dorotocephala in relation to the axial 
gradient. Jour. Exper. Zo 5 l., 13:103-52. 

1913a. Studies on the dynamics of morphogenesis, etc. V. The relation between re¬ 
sistance to depressing agents and rate of metabolism in Planaria dorotocephala 
and its value as a method of investigation. Jour. Exper. Z06L, 13:103-52. 

First full statement (1913a) of the technique and results of the direct and indirect 
susceptibility methods. In the higher concentrations of lethal agents death and dis¬ 
integration begin at the anterior end and proceed posteriorly. Rate of disintegration is 
believed to parallel general metabolic rate, and consequently the disintegration gradient 
is interpreted to demonstrate the existence of a metabolic gradient along the main axis. 
In dilute concentrations a reverse disintegration gradient is obtained; regions of higher 
rate acclimate better when adequate time is allowed than regions of lower rate. The 
retarding effect of anesthetics on regeneration is greater the more posterior the level of 
the piece; this also indicates the presence of an axial factor, more fully analyzed below. 

1913a. Studies on the dynamics of morphogenesis, etc. VI. The nature of the axial 
gradients in Planaria and their relation to antero-posterior dominance, 
polarity, and symmetry. Arch. f. Entw’mech., 37:108-58. 

Besides the principal anteroposterior gradient, Planaria has also lateromedial and 
ventrodorsal gradients in susceptibility to lethal solutions. The axiate organism in its 
simplest terms is a gradient in rate of reaction in a specific colloidal substratum. The 
region of highest rate dominates or controls other parts and determines the existence 
and maintenance of the gradient. The axial gradients are the basis of polarity and 
symmetry. The axial gradient theory alone explains how the organism as a whole can 
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have a polarity superimposed upon the varied polarities and orientations of its cells 
and organs. The apical end of the gradient represents, more nearly than any other part, 
self-differentiation in the specific reaction system of each kind of protoplasm; other 
parts are the result of correlative differentiation under the influence of the dominant 
part. 

19136. Certain dynamic factors in experimental reproduction and their significance for 
the problems of reproduction and development. Arch. f. Entw’mech., 35:598- 
641. 

1914^. Studies on the dynamics of morphogenesis, etc. VII. The sti mul ation of pieces 
by section in Planaria dorotocephala. Jour. Exper. Zo 5 l., 16:413-41. 

1914/. Studies on the dy nami cs of morphogenesis, etc. VIII. Dynamic factors in head- 
determination in Plamria . Jour. Exper. Zool., 17:61-79. 

1916c. Studies on the dynamics of morphogenesis, etc. IX. The control of head-form 
and head frequency in Plamria by means of potassium cyanide. Jour. Exper. 
Zo 3 l., 21:101-26. 

The metabolic rate of pieces of Planaria is increased by the mere cutting of them 
from the body; this increase is greater the shorter the piece and the more posterior its 
level in the first zooid. This stimulation lasts several hours and then gradually declines. 
Since this stimulation is greatest in those pieces which show the lowest head frequency 
in regeneration, there is evidently a relation between head frequency and stimulation 
of section. By cutting off short anterior pieces from long pieces at various intervals 
after the latter were cut, it is shown that whether or not a head shall form on a piece 
is determined within 6-8 hours after section, that is, during the period of greatest 
stimulation resulting from section. Inhibiting the stimulation of section by putting 
newly cut pieces into low concentrations of cyanide decreases the head frequency of 
anterior and increases that of posterior pieces of the first zooid. These facts indicate an 
antagonism between the activity of the blastema at the anterior cut surface and the old 
tissue of the piece. If the former (x) dominates, head frequency is high; if the latter (y) 
dominates, head frequency is low. Head frequency therefore depends on the ratio 
x/y and can be altered by experimental alteration of either x or y . Cyanide directly 
inhibits x in anterior pieces and hence decreases head frequency; it prevents the stimula¬ 
tion of y in posterior pieces and hence increases head frequency. 

1911c. A study of senescence and rejuvenescence based on experiments with Planaria 
dorotocephala. Arch. f. Entw’mech., 31:537-616. 

1912a. The process of reproduction in organisms. Biol. Bull., 23:1-39. 

1913d. The asexual cycle of Planaria velata in relation to senescence and rejuvenescence. 
Biol. Bull., 25:181-203. 

1914c. Starvation, rejuvenescence, and acclimation in Planaria dorotocephala . Arch, f. 
Entw’mech., 38:418-46. 

1914c. Asexual breeding and prevention of senescence in Planaria velata . Biol. Bull., 

2321-39- 

1915c. Senescence and rejuvenescence. Chicago: University of Chicago Press. Pp, 481. 

19166. Age cycles and other periodicities in organisms. Proc. Axuer. Philos. Soc., 55: 
330 - 39 * 

I9i6d. Age cycles and other periodicities in organisms. Abstract of 19166. Science, 
43:724-25. 

19x8. Physiological senscence in Hydromedusae. Biol. Bull., 34:49-63. 
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The theory of, and experiments on, senescence and rejuvenescence are summarized 
in 1915c. The organism is a machine constructed by functioning, not for function; func¬ 
tion and structure are inseparable. Growth and differentiation entail the accumulation 
of visible structural materials; in lower forms they are reversible processes, and reduc¬ 
tion and dedifferentiation are accompanied by removal of structure. Senescence is pri¬ 
marily a decrease in rate of dynamic processes conditioned by the accumulation, 
differentiation, and other associated changes of the material of the colloid substratum. 
Rejuvenescence is an increase in rate of dynamic processes conditioned by the changes 
in the colloid substratum in reduction and dedifferentiation. The direct susceptibility 
method is presented as a means of measuring roughly the rate of d yna mi c processes. By 
this means metabolic rate is found to be higher the younger (or smaller) the animal in 
various Turbellaria, hydroids, hydromedusae, and ctenophores; higher in the animals 
resulting from regenerated pieces than in the animals from which the pieces were taken; 
and higher the more normal the regenerate, i.e., the greater the degree of reconstitution 
of the piece. The products of fission and budding also resemble young animals meta- 
bolically. PlanaHa velata reproduces regularly by fragmenting into small pieces, which 
encyst and emerge as complete tiny worms. This species can apparently exist in¬ 
definitely by this asexual cycle without senescence. The reconstitution involved in re¬ 
generation and asexual reproduction are thus rejuvenating. In planarians starvation 
and accompanying reduction result in increased susceptibility; hence a metabolic condi¬ 
tion resembling youth. P. velata will exist indefinitely in a youthful state if prevented 
from growing by properly limited food supply. The axial gradient and the role of 
physiological isolation from a dominant region in asexual reproduction are discussed. 
Senescence in plants and lower animals results in decreased dominance of the apical 
end; hence agamic reproduction with accompanying rejuvenescence. Senescence in man 
and higher animal s appears also to consist of accumulation of structural materials, de¬ 
cline of water content, decrease in growth rate, and decline of metabolic rate; hiberna¬ 
tion and starvation probably have some rejuvenating action here. Gamete formation 
is a process of specialization and differentiation; hence, physiologically gametes are in 
a state of advanced senescence with accompanying low metabolic rate. Gametes gen¬ 
erally form toward the end of the life-cycle, usually after a period of vegetative or 
asexual reproduction, or of growth. Fertilization and early development are rejuvenat¬ 
ing processes. Agamic and gametic reproduction are essentially similar, but the gametes 
are so far specialized that the peculiarities associated with fertilization are necessary 
for the initiation in them of rejuvenescence. Senescence is a characteristic and necessary 
feature of the vegetative life of organisms; rejuvenescence is usually associated with re¬ 
production. In lower forms senescence may be balanced by the rejuvenescence of re¬ 
production, so that there is no progressive senescence or death, and life consists of brief 
alternating periods of progression and regression; in higher forms senescence of the 
individual leads to death. 

191 5a. A dynamic conception of the organic individual. Proc. Nat. Acad. Sd., 12164-72. 

1913d. Individuality in organisms. Chicago: University of Chicago Press. Pp 213, 

1916a. The basis of physiological individuality in organisms. Science, N.S., 43:511-23. 

Definite form, size, structural pattern, and correlation in activities characterize the 
organic individual Particulate and vitalistic theories of individuality or theories based 
on transport of chemical substances fail to touch the essential problem, the order and 
unity of the organism. The transmission of dynamic change is presented as the basis 
of organic individuality. Dynamic change in the last analysis results from the action 
of external forces on protoplasm; if such action is directed and continued, a more or less 
permanent gradient of response will be produced in a mass of undifferentiated proto- 
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plasm. Such a gradient in the transmission of excitation represents the simplest ex¬ 
pression of unity and order in protoplasm and is the simplest axis of polanty and 
symmetry. Along such a metabolic gradient a relation of dominance and subordination 
exists, the most active region dominating the others because of its greater speed of re¬ 
activity. The evidence for the existence of such metabolic gradients (as tested by 
susceptibility to lethal agents) in a large number of plants and lower animals and 
embryos is presented. The facts of regeneration show that the apical region of plants 
and animals is independent of, and controls, other levels along the major axes to a cer¬ 
tain distance. Regeneration is fundamentally the same as embryonic development, con¬ 
sisting in the formation of the apical dominant region first, and then the appearance 
of other parts in correlation with this. The spatial relations of parts of organisms can be 
experimentally altered by altering the range of apical dominance, through increasing 
length of axis, decrease in apical activity, decrease in conductivity, or increase in inde¬ 
pendence of subordinate parts. Parts thus beyond the range of do m i n a n ce (physio¬ 
logically isolated) may produce new gradients and so new individuals. Existing gradi¬ 
ents can be abolished; and new gradients, and hence new individuals, established by 
experimental means. Dominance depends on transmitted change, not on transported 
substances, and generally increases in range with age, because of the improvement in 
conducting paths with age. 

19140. The axial gradient in dliate Infusoria. Biol. Bull., 26:36-54. 

1914*. Susceptibility gradients in animals. Science, N.S., 39:73-76. 

19176. The gradient in susceptibility to cyanides in the meridional conducting path of 
the ctenaphore, Mnemiopsis. Amer. Jour. Physiol., 43:87-112. 

19196. With L. H. Hyman. The axial gradients in Hydrozoa. I. Hydra. Biol. Bull., 
36:183-223. 

1919J. The axial gradients in Hydrozoa. II. Susceptibility in relation to physiological 
axes, regions of colony, and stages of development. Biol. Bull., 37:101-25. 

Apicobasal disintegration gradients in lethal solutions are reported for a variety of 
Protozoa, various embryos, hydra and other hydroids, and hydroid colonies; a centro- 
peripheral gradient was found along the nerve of the spider-crab claw; and an aboral- 
oral gradient along the plate-row of Mnemiopsis. Local activities may cause secondary 
regions of high susceptibility at the stalk of hydra. Lethal agents not only slow down 
the plates of ctenophores but diminish the transmission, so that the oral parts of plate 
rows may become physiologically isolated and beat independently. 

19156. Axial gradients in the early development of the starfish. Amer. Jour. Physiol., 
37:203-19. 

1916c. Axial susceptibility gradients in the early development of the sea-urchin. Biol. 
Bull., 30:391-405. 

1916^. Experimental control and modification of larval development in the sea-urchin 
in relation to the axial gradients. Jour. Morph., 28:65-133. 

1917c. Differential susceptibility and differential inhib ition in the development of 
polychaete annelids. Jour. Morph., 30:1-63. 

19240. With A. W. Bellamy. Susceptibility in amphibian development. Proc. Roy. 
Soc. London, B, 96:132-45. 

In starfish and sea-urchin eggs, blastulae, and gastrulae and in the early embryos 
of annelids a gradient is found from n-nimnj to vegetative pole; later in annelids and 
amphibians the posterior growing region becomes prominent as a secondary gradient 
of activity. In proper concentrations, toxic agents modify development along the lines 
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of either differential inhibition or differential recover)'. The former gives microcephalic 
forms with suppression of the oral lobe in urchins, closer approximation or fusion of the 
pluteus arms, and progressive obliteration of anteroposterior and mediolateral differ¬ 
entiation; in annelids head and posterior region are inhibited. Differential recovery in 
sea-urchin larvae results in an increased oral lobe, divergence of the arms, and over¬ 
development of anterior and median, as compared to lateral and posterior, parts. These 
results show that the spatial arrangement and the relative sizes and proportions of parts 
are controlled by the axial gradients. 

1916/. Axial ausceptibility gradients in algae. Bot. Gaz., 63:89-114. 

1916A. Further observations on axial susceptibility gradients in algae. Biol. Bull., 31: 
419-40. 

1917a. Susceptibility gradients in the hairs of certain marine algae. Biol. Bull., 32:75- 

92. # 

1917c. Experimental alteration of the axial gradient in the alga, GnfUhsia bornetiana. 
Biol. Bull., 32:213-33. 

1919c. A study of susceptibility in some Puget Sound algae. Publ. Puget Sound Biol. 
Sta. 2, No. 48, pp. 249-67. 

In a variety of algae of the axiated type, apicobasal disintegration or staining gradi¬ 
ents are demonstrated when they are placed in lethal or various colored solutions. A 
gradient in permeability to the agents is also present. The hairs of various marine algae 
show an apicobasal gradient when the growth is apical, a basoapical gradient when 
growth is basal. Obliteration or reversal of the gradient is induced in some cases in 
lower concentrations of the agents. Griffithsta , when confined in a small volume of 
water, may show a reversal of the normal basipetal gradient and may break up into 
individual cells. Such cells may grow out new filaments; the apical end of the cell in 
such cases is whatever end was the most susceptible regardless of the original polarity. 

1919a. Demonstration of the axial gradients by means of potassium permanganate. 
Biol. Bull., 36:133-47. 

192 id. The axial gradients of Hydrozoa. IV. Axial gradients in rate and amount of re¬ 
duction of potassium permanganate in various hydroids and medusae. Biol. 
Bull., 41:78—97. 

Various organisms placed in weak permanganate solutions show a gradation in color 
reduction from anterior or oral to posterior or basal end. Medusae give the greatest 
reduction in marginal and oral regions. 

1919/. Physiological isolation by low temperature in BryophyUim and other plants. 
Science, N.S., 50:362-65. 

1920*2. With A. W. Bellamy. Physiological isolation by low temperature in Bryo- 
phyUum . Bot. Gaz., 70:249-67. 

The growing tip of plants dominates lower levels and prevents vegetative growth 
within a certain distance. A cold block placed below the dominant region does no 
damage but impedes transmission; it induces the outgrowth of axillar y buds in bean 
seedlings and the formation of plants at the runner tips in Saxifrage at much shorter 
than normal length. A cold block around the petiole of BryophyUum leaves induces the 
outgrowth of plantle ts in the angles of the leaf scallops. 

19196. A comparative study of carbon dioxide production during starvation in Plan 
naria. Amer. Jour. Physiol., 48:241-57. 
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1919c. The effects of cyanide on carbon dioxide production and on susceptibility to lack 
of oxygen in Planaria dorotocephala. Amer. Jour. Physiol., 48:372-95. 

1919c. Susceptibility to lack of oxygen during starvation in Planaria. Amer. Jour. 
Physiol., 49:403-19. 

19200. With H. L. Robbins. Carbon dioxide production in relation to regeneration in 
Planaria dorotocephala . Biol. Bull., 38:103-22. 

Carbon dioxide production, measured by the rate of color change of phenol red, is 
decreased after exposure to cyanide, decreased in early starvation increased in pro¬ 
longed starvation, increased by regeneration, and increased temporarily, greatest in the 
mouth region, by cutting pieces. The death of Planaria in cyanide is accelerated by 
lack of oxygen; an additive effect is indicated. During starvation the susceptibility of 
the body wall to lack of oxygen increases progressively up to at least 4 months. The 
reaction to lack of oxygen of such starved animals is the same as that of young fed 
animals of the same size. 

19206. Studies on the dynamics of morphogenesis, etc. X. The head frequency in 
Planaria dorotocephala in relation to age, nutrition, and motor activity. Jour. 
Exper. Zool., 30:403-18. 

19210. Studies on the dynamics of morphogenesis, etc. XI. Physiological factors in the 
development of the planaria head. Jour. Exper. ZoOl., 33:409-33* 

Further exposition of the role in head regeneration of the relative rates of activity 
of the anterior blastema (x) and the old piece (y). Head frequency is lower in young 
than in old, in starved than in fed, and in pieces kept moving than in quiescent pieces, 
because the rate of y is relatively higher in the first of each of the paired conditions 
mentioned. The median region of the head is more susceptible than the lateral regions, 
and inhibited types of head may show differential recovery after a time with excessive 
outgrowth of the median region. 

19200. Some considerations concerning the nature and origin of physiological gradients. 
Biol. Bull., 39:147-87. 

19216. Certain aspects of the problem of physiological correlation. Amer. Jour. Bot., 
8:286-95. 

19210. Le Problfeme de rintSgration physiologique. Scientia, 30:115-26. 

19230. Physiological polarity and symmetry in relation to heredity. Genetics, 8:336-54. 

19246. The problem of pattern in organisms. I. General survey. Amer. Nat., 58:115- 
26. 

19240. The problem of pattern in organisms. II. The physiological gradients. Amer. 
Nat., 58:322-36. 

1923d. The physiological significance of the cephalocaudal differential in vertebrate 
development. Anat. Rec., 31:369-83. 

The chief characteristic of the organism is integration. The problem of organismic 
integration is one both of pattern and material. The chief pattern of organisms, the 
axiate pattern, is quantitative and consists in simplest terms of a gradient in rate of the 
main physiological processes. The various lines of evidence in support of this view are 
reviewed: evidence from susceptibility differences along the axis of numerous embryos, 
plants, and animals; of staining and reduction gradients in colored substances; of modi¬ 
fications of development in various agents; differences in electric potential along the 
axis; axial differences in oxygen consumption and carbon dioxide production. Axiate 
pattern in the last analysis arises from the differential action of the external world on 
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protoplasm. The gradients represent physiological conditions under which the heredi¬ 
tary mechanism gives rise to an axiate pattern, and are the physiological basis of polar¬ 
ity and symmetry. They are chieilv significant in initiating orderly series of develop¬ 
ment events in definite directions. In vertebrate development there is a primary 
cephalocaudal differential; but later, as in other segmented animals, i.e., annelids, the 
posterior region shows a caudocephalic gradient; this eventuall> in vertebrates comes 
under the control of the head. While the gradients arise in relation to environmental 
differentials, the specific differentiation and organization resulting from development 
depend upon the hereditary constitution of the protoplasm concerned. 

19210. The origin and development of the nervous system from a physiological view¬ 
point. Chicago: University of Chicago Press. Pp. xvii+296. 

The earlier chapters treat in detail the same topics as above: the problem of pattern, 
the quantitative gradient as the simplest form of axiate pattern, the evidence for the 
existence of physiological gradients, dominance and subordination as results of the 
gradient. The nervous system is the chief morphological and physiological expression 
of the gradient; the chief aggregations of nervous tissue develop at the high end of the 
gradient, and further differentiation then proceeds posteriorly along the gradient. 
Functionally, the simple gradient is an excitation-transmission gradient along which 
nervous function gradually develops, as seen in the ctenophore plate-row. Other trans¬ 
missive gradients are exemplified by the heart and digestive tube. Differences in 
electric potential are characteristic features of the gradients; it is suggested that the 
outgrowths of neurones and formation of paths in the development of the nervous sys¬ 
tem are directed by such electric differences. The reflex arc also appears to be related 
to pattern. Early reflexes are effective mostly in a direction down the gradient. In 
vertebrate evolution there seems to be an increasing tendency toward upward paths. 
During vertebrate development the appearance of a secondary caudocephalic gradient 
in posterior regions may determine short, upward paths. 

1923d. The axial gradients in Hydrozoa. V. Experimental axial transformations in 
hydroids. Biol. Bull., 45:181-99. 

1923c. The general relation between susceptibility and physiological condition. Arch. 
Int. Med., 32:647-62. 

1923/. Modification of hydroid development through differential susceptibility. Ab¬ 
stract. Anat. Rec., 26:362-63. 

1924c. Modification of development in relation to differential susceptibility. Amer. 
Nat., 58:237-53. 

1925ft. Quantitative factors in the susceptibility of living cells to external agents. Radiol¬ 
ogy, 4:21-29. 

1925c. The axial gradients in Hydrozoa. VII. Modification of development through 
differential susceptibility. Biol. Bull., 48:176-99. 

In several general papers the direct and indirect susceptibility methods and their 
application in experimental work are again reviewed. The basis of the direct susceptibil¬ 
ity method is explained thus: “To disturbances producing in any manner alteration 
beyond the limi ts of equilibration or tolerance of the system and therefore leading to 
disruption or irreversible change within a measurable period of time, the susceptibility 
must vary directly though not necessarily proportionally to the rate of c h a ng es char¬ 
acteristic of the system.” Thus, a great variety of agents and conditions act in a non¬ 
specific manner and give evidence for the existence of a quantitative gradation in rate 
of activity along the main axis. Modification of development by differential action of 
inhibiting agents in relation to the gradient is reviewed and new evidence from hydroids 
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brought forward that the higher levels of the gradient are most inhibited by such 
agents when acting directly. In hydroids, slightly depressing conditions induce stolons 
anywhere in the colony and cause hydranth buds to transform into stolons. Planulae 
are modified from the elongated to a spherical apparently anaxial form; they may re¬ 
cover and then show several polarities, as evidenced by stolon outgrowth. Stolons 
represent a lower metabolic level than hydranths. 

1923a. The axial gradients in Corymorpha palma. Abstract. Anat. Rec., 24:392. 

1925a. The avia! gradients in Hydrozoa. VI. Embryonic development of hydroids. 
Biol. Bull., 48:19-36. 

1926a. With E. Deviney. Contributions to the physiology of Paramecium caudatum. 
Jour. Exper. Zo 5 l., 43:257-312. 

19266. With L. H. Hyman. Studies on the axial gradients of Corymorpha palma . I. 
Respiratory, electric, and reconstitutional gradients. Biol. Generalis, 2:355-74. 

1926^. Studies on the axial gradients of Corymorpha palma. II. Differential susceptibil¬ 
ity, penetration, and oxidation-reduction in development and reconstitution. 
Biol. Generalis, 2:609-30. 

Further evidence for axial gradients, using Paramecium and hydroid embryos and 
adults, by means of differential susceptibility, staining and reduction gradients, sus¬ 
ceptibility to ultraviolet radiations and ordinary light after sensitization, etc. In Cory - 
morpha , axial differences in electric potential, oxygen consumption, carbon dioxide pro¬ 
duction, and rate and type of reconstitution are reported. 

1924*2. Physiological foundations of behavior. New York: Henry Holt & Co. Pp.xii+ 
330 . 

1926c. Behavior origins from a physiologic point of view. Arch. Neurol, and Psychiat., 
15:173-84. (Read before the Fifty-first Annual Meeting of the American 
Neurological Association, Washington, May, 1925.) 

1927a. The individual and environment from a physiological viewpoint. Article in The 
child, the clinic, and the court, pp. 126-55. New York: New Republic, Inc. 

1928c. Biological foundations of social integration. Publ. Amer. Sodol. Soc., 22:26-42. 

A consideration of behavior in the broad sense of reaction to environment. The indi¬ 
vidual is a behavior pattern in a specific protoplasm. The types of patterns found in 
organisms—spherical, radial, and bilateral—are reviewed in relation to growth and 
development in plants and animals. Bilateral symmetry gives the greatest possibilities 
for differentiation and specialization. The axiate type of pattern (radial, bilateral) origi¬ 
nates as an excitation-transmission gradient in protoplasm in response to directed ex¬ 
ternal stimuli. The evidence for the existence of such gradients in relation to the pri¬ 
mary axis is reviewed. This evidence comprises: structural axial differences, axial 
differences in normal development, differential modifications of development by the 
action of external agents, differential death in various solutions and under various 
conditions, axial differences in electric potential and respiratory rate, staining and re¬ 
duction differences. The fact that development can be profoundly modified by the 
differential action of inhibiting agents with respect to the axial gradient shows the 
importance of the gradients in normal development. The simple excitation-transmission 
gradient determines the degree and extent of integration. A relation of dominance and 
subordination is established—the high, or head, end of the gradient dominates the rest 
of the axis and acts as pacemaker. Blocking of the transmission or decrease in its 
effectiveness with distance results in physiological isolation. Twinning and duplication 
of parts axe e x a mpl es of physiological isolation. The organism evolves as a behavior 
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mechanism, since life is a continuous process of equilibration. Evolution is concerned 
not with morphological characters but with physiological mechanisms of integration 
and equilibration. Development is a series of modifications of pattern, and the normal 
patterns can be readily modified by acting on the gradients. Both fixed and modifiable 
behavior represent the potentialities of the specific protoplasm. The more fixed be¬ 
havior is more correlated with the primary physiological gradient than is the more 
modifiable behavior. In evolution the simple behavior type, dependent on antero¬ 
posterior dominance, is replaced by central control; in the higher animals, by the cortex, 
which is not axiate, receives and correlates impulses from all parts of the body, and is 
the basis of Ihe great modifiability of behavior seen in higher an im als. Human social 
organization is compared to organismic organization. It consists of a relation of domi¬ 
nance (government) and subordination (the governed). Social integration depends on 
a dynamic correlation of a transmissive nature among the governed. Leadership or 
dominance originates directly in environmental conditions and is alterable by environ¬ 
ment. Societies and nations are integrated by dominant ideas and are altered by this 
integration. The lower forms of social integration resemble the lower types of organis¬ 
mic integration in that there is an autocratic relation of dominance and subordination. 
In higher animals and in higher forms of societies (democracy) there is an escape from 
this autocracy by means of representative government, corresponding to the develop¬ 
ment of the cortex in animals. 

1926*. Experimental control of polarity in Corymorpha palma. Proc. Soc. Exper. Biol, 
and Med., 23:789-90. 

1926^. Studies on the axial gradients of Corymorpha palma . III. Control and modifica¬ 
tion of polarity and symmetry in reconstitution by differential exposure. 
Biol. Generalis, 2:771-98. 

Regenerating pieces of Corymorpha give rise to unipolar, bipolar, and multipolar 
forms with one, two, or more complete or partial hydranths at one or both ends. Ihe 
frequency of the various forms varies with level and length of piece. Hydranths arise 
at points of high metabolic rate; regions in contact tend to develop basal ends. The en¬ 
vironmental differential between free surfaces and those in contact thus controls the 
result and the frequency of the various types of regenerates, and origin of new polarities 
can be altered by means of this factor. 

1926/. Physiological control: its protoplasmic basis and its development. Ann* Clin. 
Med., 4:884-99. 

The gradient as the primary expression of polarity and symmetry and the evidence 
for gradients from differential susceptibility and modification of development are re¬ 
viewed. The gradient as the basis of physiological control is discussed; pacemakers are 
examples of control by the high end of the gradient over lower levels. Neoplasms are 
considered to represent escapes from normal physiological control. 

1924/. Experimental regression and redevelopment in Corymorpha palma . Abstract of 
1927a. Anat. Rec., 29:98. 

1927a. Modification of polarity and symmetry in Corymorpha palma by means of in¬ 
hibiting conditions and differential exposure. I. Forms resulting from modifi¬ 
cation. Jour. Exper. Z06L, 47 : 343^3• 

19276* Modification of polarity and symmetry, etc. II. Changes, in form frequency* 
Jour. Exper. Z08I., 48:197-221. 

Temporary subjection of reconstituting pieces to inhibiting or depressing agents or 
conditions more or less obliterates the original polarity; and on return to normal condi- 
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tions, new polarities arise in such pieces without regard to the original polarity or the 
cut ends but w ith reference to the exposed surface. Single or multiple partial or com¬ 
plete h\ dranths grow out from the exposed surface; single or multiple basal ends, from 
the surface in contact. The frequency of the various types of regenerates is tabulated. 
Inhibiting agents decrease the frequency of bipolar forms and increase that of hetero- 
polar forms. Less extreme degrees of inhibition increase unipolar regenerates; more ex- 
treme increase multipolar ones. 

19236. Experimental eliminations of the larval stage in an ascidian. Abstract, Ameri¬ 
can Association of Anato mis ts. Anat. Rec,, 25:122-23. 

1927c. Developmental modification and elimination of the larval stage in the ascidian, 
CoreUa wilhneriam . Jour. Morph., 44:467-514. 

When the eggs of Corella , which normally develop in the atrial chamber of the parent 
at a pH below that of normal sea water, are removed to normal sea water at early stages, 
larval development is differentially inhibited, the tail most, the dorsal region less. The 
regions most inhibited are those showing the highest reducing power in potassium per¬ 
manganate solutions. The effective natural factor is the CO a content of the atrial 
chamber; but both normal and inhibited development can be produced by other means. 

1928a. Experimental transformations of bipolar forms in Corymorpha palma, Biol. 
Bull., 54:1-14. 

Bipolar forms with a hydranth at each end regress when placed in inhibiting solutions 
for one or two days, and may then regenerate in normal sea water into a unipolar form. 
Bipolar forms under depressing conditions may grow out a basal end laterally between 
the two hydranths, which then face one way, as a double-headed unipolar form. 

19286. Physiological polarity and dominance in the holdfast system of Corymorpha . 
Biol. Bull., 542 i 5 “ 35 ‘ 

Observations on the formation, structure, and behavior of holdfasts; they show a 
susceptibility gradient from tip to base and apparently develop under conditions of 
physiological isolation. 

192M. Axial development in aggregations of dissociated cells from Corymorpha palma . 
Physiol. Zodl., 1:419-61. 

Cells and cell groups of the naked stem region, obtained by grinding with sand and 
then straining through bolting doth, aggregate into masses which may develop into 
single or doubled hydranths with stems or imperfect hydranths or irregular tentades. 
The polarity is determined by the environmental differential between the exposed and 
the attached surface of the masses. 

1927^. Experimental localization of new axes in Corymorpha palma without obliteration 
of the original polarity. Biol. Bull., 53:469-80. 

19296. Lateral grafts and incisions as organizers in the hydroid Corymorpha . Physiol. 
ZoSl., 2:342-74. 

19326. Determination of new axes by lateral grafts and incisions in Corymorpha in rela¬ 
tion to the gradient and dominance. Physiol. Zool., 5:593-627. 

1935c. Do min a n ce of hydranths induced by grafts in Corymorpha . Jour. Exper. Zool., 
7i:375-87* 

A lacerated area in the side of the Corymorpha stem may grow out into a hydranth 
opposite which a basal end may develop, the whole forming an axis at right angles to 
the original axis. Small grafts implanted into incisions in the stem often grow out into a 

[Physiological Zoology 



BIBLIOGRAPHY OF CHARLES MANNING CHILD 


123 


hydranth composed of both graft and host tissue. The removal of the host hydranth 
is essential, as its presence inhibits the graft. These grafts are more successful the more 
distal the region of the stem from which they come and the greater their distance from 
the host hydranth. The hydranth induced by such grafts dominates a certain length 
of host stem distal and proximal to it, as indicated by inhibition of regeneration on the 
host stem, reversal of polarity, or determination of new polarity in the host stem. 

1928c. The physiological gradients. Sammelreferat. Protoplasma, 5:447-76. 

1929c. Physiological dominance and physiological isolation in development and recon¬ 
stitution. Arch. f. Entw’mech., 117:21-66. 

General reviews of the gradients, the various methods of demonstrating them, differ¬ 
ential modifications of development, dominance and subordination in plants and ani¬ 
mals, physiological isolation and its relation to asexual reproduction. The amphibian 
organizer is probably simply a region of high rate of chemical activity which acts by 
increasing the metabolic rate of other tissues to the point where they can differentiate 
into nervous system. 

19316. The organism and environment. Peking Nat. Hist. Bull., 5, Part IV: 33-36. 

A lecture delivered in China reviewing briefly organismic patterns, their relation to 
environment, polarity as a quantitative gradient, experimental alterations of the 
gradient, and determination of polarity and new axes. The essential features of the 
organism are regarded as a reaction of protoplasm to environment. 

1929a. Senescence and rejuvenescence from a biological viewpoint. Bull. N.Y. Acad. 
Med., 5:111-13. 

1930a. Senescence and rejuvenescence from a biological viewpoint. The Harvey Lec¬ 
tures, Ser. 24, pp, 25-44. 

A condensed restatement of the material of 1915c. 

19306. The susceptibility of Planaria to potassium cyanide in relation to hydrion con¬ 
centration and to certain changes in salt content of the medium. Physiol. 
ZoQl., 3:90-134. 

Differences in the pH, salt content, and osmotic pressure of the medium alter the 
time of death of Planaria dorotocephala and P. mactdata in cyanide solutions, but in all 
cases the same susceptibility gradient is observed. The rate of progress of death and 
presence or absence of disintegration vary greatly with the medium. 

1930c. With K. M. Beyer. Reconstitution of lateral pieces of Planaria dorotocephala 
and P. mactdata . Physiol. Z08L, 3:342-65. 

In lateral halves of transverse pieces the original polarity persists in almost all pieces; 
but in longitudinal strips taken lateral to the ventral nerve cords, one or more heads de¬ 
velop on the median cut surface at right angles to the original polarity in the great 
majority of cases. 

1931a. Experimental modification of the scale of organization in the reconstitution of 
Tubtdaria. Physiol. Z06L, 4:165-88. 

In short pieces, exposure to cyanide solutions decreases the length of the hydranth 
primordium and so increases the frequency of regenerated hydranths with stems and 
inhibits the formation of aboral hydranths. 

19326. Experimental studies on a Japanese planarian. I. Fission and differential sus¬ 
ceptibility. Sci. Repts., Tohoku Univ., Ser. 4, 7:313-45. 

Vol. XI, No. 2, April, 1938] 



124 


L1BB1E H. IIYMAN AND C. D. VAN CLEAVE 


In Planaria gonocephala rapid growth and decapitation accelerate fission; a third 
zooid is well developed and the posterior fission product may soon divide again. The 
anteroposterior susceptibility gradient shows a secondary reversed region in the pos¬ 
terior end. Experiments on the differential effect of cyanide on the two ends of re¬ 
generating pieces are presented. 

1933a. The swimming plate rows of the ctenophore, Pleurobrachia, as gradients; with 
comparative data on other forms. Jour. Comp. Neurol., 57:199-252. 

A relation of dominance and subordination exists along each plate-row from aboral 
to oral end. The aboral end dominates; but any level, if stimulated, can initiate rhyth¬ 
mic impulses and dominate temporarily. Transmission may occur in both directions 
along a row, and the stronger impulse dominates. The inactivity of a single plate can 
block the impulse; hence the impulse must be reinitiated or reinforced at each plate. 
Reversed locomotion is brought about by reversed transmission. Toxic agents show an 
aboral-oral susceptibility gradient along the plate row; this is interpreted as an excita¬ 
tion-transmission gradient behaving in an all-or-none fashion. 

19336. Reconstitution in Ealiclystus auricula Clark. Sci. Repts., Tohoku Univ., Ser. 4, 
8:75-106. 

Removal of distal parts is followed by regeneration of tentacles and sense organs and 
reorganization of the old tissue. Distal pieces bearing sense organs regenerate but little. 
After oblique cuts, the presence or regeneration of distal sense organs inhibits regenera¬ 
tion at more proximal levels. The distal part of the stalk can reorganize into an um¬ 
brella. In toxic solutions the umbrellar margin and manubrial end are the most sus¬ 
ceptible and susceptibility decreases proximally along the umbrella. 

1933c. With Y. Watanabe. The longitudinal gradient in Stylochus ijimai: with a 
critical discussion. Physiol. Z06L, 6:542-91. 

The carbon dioxide production of an axial series of pieces gives a U-shaped gradient, 
varying somewhat with sexual condition. Carbon dioxide production varies inversely 
with age. Late embryos have a simple apicobasal susceptibility and reduction gradi¬ 
ent, while that of adults is U-shaped, agreeing with the carbon dioxide determinations. 
Criticisms are answered and discussed. 

1934a. Differential reduction of methylene blue by living organisms. Proc. Soc. Exper. 
Biol, and Med., 32:34-36. 

19346. The differential reduction of methylene blue by Paramecium and other dliates. 
Protoplasma, 22:377-94. 

19356. With Y. Watanabe. Differential reduction of methylene blue by Corymorpha 
palma. Physiol. Z06L, 8:395-416. 

1936c. Differential reduction of vital dyes in the early development of echinoderms. 
Arch. f. Entw’mech., 135:426-56. 

19366. With 0 . Rulon. Differential reduction of vital dyes in certain oligochaetes. 
Jour. Exper. Zo 3 l., 74:427-48. 

The reduction of methylene blue and janus green in various animals and embryos 
gives gradients similar to those obtained by other methods. Pieces of Corymorpha 
stems show an apicobasal reduction gradient 5-8 hours after section; irregular results 
obtain shortly after section. The animal-vegetal reduction gradient of early echinoderm 
embryos is later disturbed by an increased reduting-power of the primary mesenchyme 
and the entodermal region before and during gastrulation. 
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1936a. With F. J. W iEEdNSKi , Difierential susceptibility of living organisms to super¬ 
sonic vibrations. Science, 83:604-6. 

Supersonic vibrations, a primarily mechanical factor, produce disintegration gradi¬ 
ents in Planaria, Tubifex , and Hydra , which are apparently the same as those observed 
with other agents. 

1935a. With Y. Watanabe. The head frequency gradient in Euplanaria dorotocephala. 

Physiol. Zool., 8:1-40. 

At a given level the head frequency decreases with decreasing length of piece, and 
in short pieces decreases from anterior to posterior end of the first zooid, increasing 
again in the second zooid. The head frequency rises with delay in cutting short anterior 
or posterior pieces from the ends of long pieces. The removal of the anterior end of 
acephalic pieces is followed by regeneration of a normal head, but not if a posterior cut 
surface is also made. These facts indicate an inhibition of head regeneration emanating 
from the posterior cut surface, probably from severed nerve paths. Transverse half¬ 
cuts with or without removal of tissue near an anterior cut surface retard but do not 
inhibit head regeneration of that side. 

1936^. A contribution to the physiology of exogastrulation in echinoderms. Arch. f. 

Entw’mech., 135:457-93. 

The exogastrulae of echinoderms, produced chiefly by LiCl, are discussed from the 
viewpoint of physiological gradients. Exogastrulation is the result of a high degree of 
difierential inhibition applied at the beginning of development; entoderm and mesen¬ 
chyme increase at the expense of ectoderm. Applied at late bias tula stages, inhibiting 
agents inhibit the formation of mesenchyme and entoderm, acting directly on the gastric 
region. In exogas trulae the staining gradients to dyes are inhibited or reversed. Difier¬ 
ential recovery expresses itself in thickening and outgrowth of the apical ectoderm and 
in secondary invaginations. 

1937. With 0 . Rulon. Observations and experiments on developmental pattern in 

Peltnaiohydra oligactis. Physiol. Z06I., 10:1-13. 

The pattern of development of tentacles on buds is correlated with that of the parent. 
Pieces with different anterior levels decrease in regeneration rate and number of re¬ 
generated tentacles the more posterior the anterior cut. Buds dominate a certain 
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THE FRAGMENTATION OF NAIS PARAGUAYENSIS 
(Two figures) 

L1BBIE H. HYMAN 

Laboratory of Experimental Biology, American Museum of Natural History 

T HIS report is offered as a contribution to Child’s theory of do min a n ce and sub¬ 
ordination and physiological isolation in relation to asexual reproduction, among 
the most fruitful of the conceptions with which he has enriched biology. 

INTRODUCTION 

i. The experimental animal— The oligochaete which forms the subject of these ex¬ 
periments was accidentally discovered three years ago in aquariums in the Laboratory 
of Experimental Biology, American Museum of Natural History. My attention was 
attracted by the fact that fission planes were never seen in the worms although they 
were obviously multiplying by some asexual method. The worm evidently belonged to 
the family Naididae, notable among oligochaetes for their method of asexual multiplica¬ 
tion by the formation of fission planes partitioning the worm into a chain of two or more 
zooids, each of which alters into a complete worm with fully developed head and posteri¬ 
or end before breaking loose from the chain. In this particular naid, fission planes were 
never present; but the finding of many regenerating fragments lead to the suspicion that 
the a.nlma.1 must reproduce by breaking up into pieces. Accordingly, a worm was isolated 
into a small dish of water and was found on the next day divided into several regener¬ 
ating pieces. Other worms were then isolated with the same result. It was thus estab¬ 
lished that this species of Naididae does not conform to the method of asexual reproduc¬ 
tion by fission planes characteristic of the family but instead multiplies by fragmenta¬ 
tion. The experimental possibilities of the species were at once perceived, and the animal 
has been under experimentation continuously since its discovery. 

The worm was identified as Nats paraguayensis Michaelsen, 1905, known from South 
America and India. The species is not native to the United States and was probably 
introduced into the laboratory aquariums with South American plants or fish. The 
absence of fission planes was noted, by the discoverer and other taxonomists on oligo¬ 
chaetes, who suspected reproduction by fragmentation, as mentioned in Stephenson’s 
book (1930, p. 538). The fact of fragmentation was established by Aiyer (1924), who, 
however, is mistaken in supposing that the worm simply divides in two. Stephenson 
mentions several other oligochaetes supposed to undergo fragmentation as a regular 
mode of asexual reproduction, but consultation of the original papers failed to yield any 
convincing evidence in these cases. Consequently, N. paraguayensis constitutes the one 
well-established case among the oligochaetes of fragmentation as a regular method of 
asexual reproduction. 

It was found that the worm can be cultivated easily and enormous numbers obtained 
in a very short time. The method of culture is given in detail at the end of the paper. 

2. Normal process of fragmentation. —When adequately supplied with food, N. para¬ 
guayensis grows until it reaches a length of 30-40 mm. and then spontaneously frag- 
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ments into several pieces, usually six to eight, sometimes more. The places at which 
fragmentation is to occur are not detectable by microscopic examination of the worms. 
I have not personally witnessed the fragmentation; but a student of Dr. J. W. Buchanan, 
of Northwestern University, has seen three worms fragment. For some hours preceding 
the event, the worm coils and uncoils restlessly, but finally twists into a rather tight 
coil and shortly thereafter constricts and pulls apart. In the observed cases the worms 
divided into two fragments only. Fragmentation apparently occurs chiefly at night, 
whether the animals are illuminated or kept in darkness. Further observations on these 
matters are planned for the future. 

The fragments are commonly of approximately equal length and segment number. 
The head fragment is always longer absolutely and contains more segments than the 
trunk fragments. It commonly consists of twenty to forty segments in addition to the 
five specialized head segments. The trunk fragments are of about equal length as a rule, 
consisting of ten to twenty-five segments. The tail fragment, although commonly but 
little longer absolutely than the trunk fragments, always contains many more segments 
than they, because of the gradual decrease in segment size toward the tail. There are 
usually thirty-five to fifty countable segments in the tail piece, as well as several in¬ 
definite segments in process of differentiation. No definite relation between body level 
and fragment length, beyond those just mentioned, has been noticed; but, in fact, it is 
rarely possible to know just where in the body axis a given fragment belongs. Figure 1 
illustrates the fragments obtained from two worms. 

Fragmentation cannot be induced by mechanical means, such as violently squirting 
the worms in and out of a pipette. 

3. Regeneration .—Very little study was made of the regeneration process itself. With¬ 
in a day or two at temperatures of 25°-3o° C., each fragment has regenerated a complete 
new head of five segments and an anal segment. There follows the usual reorganization 
of the old segments behind the new head into the morphology typical of the postcephalic 
region (Hyman, 1916). New segments quickly differentiate anterior to the anal segment, 
and soon the regenerated worm has a long, new tail distinguishable for a few days from 
the old segments of the original fragment by the light color and smaller size of its seg¬ 
ments. Soon the limits of the original fragment are no longer distinguishable; and in 4 or 
S days at room temperature, if food is abundant, the regenerated worms have grown to 
full length and soon fragment again. The shortest naturally formed fragments seen were 
seven segments long, but pieces three segments long regenerate perfectly. The head (of 
five segments) will not regenerate posteriorly unless at least three trunk segments are 
left attached to it. No cases of atypical or bipolar regenerations have been seen. In a 
few experiments with pieces from different levels of the anteroposterior axis, no differ¬ 
ences in rate or amount of regeneration with respect to level could be detected; but 
regeneration is so rapid at room temperature that, for a proper study of the role of level 
in regeneration, regeneration rate would need to be slowed by manipulation of the 
temperature. 

4. Induction of fragmentation .—In worms exceeding a length of 20 mm., fragmentation 
can be induced at will simply by removing the worms from the culture and placing them 
in dishes of fresh water without food. Since the worms are highly thigmotactic and rest¬ 
less when so isolated, it is desirable to provide them with something into which they can 
twine. For this purpose a coarse filamentous alga which the worms cannot eat has been 
kept on hand, and a small washed bit of this has been added to each isolated bunch of 
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worms. No doubt some thoroughly washed cotton would serve as well. Under such con¬ 
ditions at room temperature (25° C. or higher) most or all of the worms will fragment 
within 24 hours. Since fragmentation can be induced whenever desired, it becomes prac¬ 
tical to experiment with the process of fragmentation itself, and it is to this problem that 
my attention has been devoted. Of the many possible problems for an attack on which 
N. paraguayensis offers highly suitable material, I have so far confined myself to two 




Fig. i.— Fragments obtained from two worms. Worm A fragmented into six pieces, but not simul¬ 
taneously, so that the levels of the fragments could be ascertained, except fragments 2 and 3, whose rela¬ 
tive position is uncertain. The number of segments per fragment is: 1; 21 + 5 head segments; a, is; 3, 
17; 4, ig ; 5,15; and 6, the lad piece, of over 50 segments. The actual lengths were: 7, 4, 5, 4,4, and 6.3 
mm., respectively. Worm B fragmented into eight pieces, the order of which could not be determined; 
the segment numbers are: 93 4- 5, aa, 22, 18, 20, 19, 14, and tail piece of over 40 segments. 

questions: What factors control the time of fragmentation; and can the number of 
fragments into which the worm breaks be experimentally altered? 

THE ROLE OF EXTERNAL ANO INTERNAL FACTORS IN THE TIME OF FRAGMENTATION 

1. Theoretical .—Before proceeding to an account of the experiments, it seems de¬ 
sirable to indicate their theoretical basis. The lines of experiment followed are based up¬ 
on the well-known conclusions of C. M. Child. In a long series of publications Child has 
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brought forward experimental evidence for the theory that “the organic individual is 
fundamentally a dynamic relation of dominance and subordination, associated with and 
resulting from the establishment of a metabolic gradient or gradients” (1915, p. 88). 
The region of highest rate of activity of the gradient becomes the apical end of the 
organism; and this end, by virtue of its high activity, controls and determines the 
developmental processes at other levels of the major axis. This control, however, has a 
distance limit, and beyond this limit physiological isolation occurs (Child, 1910,1911a, 
igiiby 1929), with consequent asexual reproduction in forms capable of regeneration. 
The range of dominance of the apical end depends on (1) the length of the animal, (2) 
the metabolic rate of the apical end relative to that of subordinate parts, (3) the efficien¬ 
cy of the conducting paths, and (4) the receptivity of the subordinate parts. Asexual 
reproduction can be controlled by altering experimentally any of these four factors. For 
example, incasing the growing-point of a plant or putting a cold block below the grow¬ 
ing-point induces the sprouting of latent buds at lower levels of the axis (Child, 1919). 
According to Child’s ideas, any factor which raises the metabolic activity of the head 
relative to other parts, or lowers the tendency of subordinate parts to become independ¬ 
ent, or both, increases the range of dominance of the head and so should inhibit frag¬ 
mentation in N. paraguayensis; and, conversely, any factor which diminishes the activ¬ 
ity of the head relative to other parts or stimulates the subordinate parts will induce 
fragmentation. The following experiments furnish additional evidence for the truth of 
these generalizations. 

2. Procedure .—As already indicated, the procedure is simple. Worms of mature 
length, 30-35 mm., except when the effect of size is under experimentation, are selected 
from the cultures, rinsed free from culture fluid, and placed in small, covered dishes of 
clean fresh water with a bit of filamentous alga. At first, Bear Mountain spring water 
was used for both cultures and experiments, but later the New York City tap water was 
found perfectly suitable and has since been employed after standing for a few days in a 
large receptacle. Ten to fifty or sixty worms were placed in each dish, which could then 
be subjected to any desired condition; or the water in the experimental dishes could be 
altered in any way wanted. Since fragmentation occurs very rapidly at room tempera¬ 
ture, it was necessary in many types of experiments to slow down the process by lowering 
the temperature. The splendid temperature-regulating equipment of the Laboratory of 
Experimental Biology permits one to maintain any desired temperature for long periods 
of time. A temperature of 18 0 C. has been found most suitable for slowing the fragmen¬ 
tation process. 

In counting the number of segments in the fragments, chloretone anesthesia has been 
employed. A few grains of chloretone are sprinkled on a Stender dish containing the 
fragments; and in a few minutes the latter become motionless, so that their segment 
number is easily determined. If the worms are not kept too long under chloretone, they 
are uninjured by the exposure. 

The limitations of space do not permit a complete presentation of the numerous data 
accumulated. Preliminary experiments, experiments involving fewer than ten worms 
per dish, and the data on matters on which a negative or uncertain result was obtained 
have been omitted. 

3. The effect of site on fragmentation .—It is a common observation that animals do not 
undergo fission or budding until they reach a certain size. In terms of Child’s theories, 
asexual reproduction occurs when the posterior levels of the organism, because of in- 
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crease in length, get beyond the range of effective dominance of the head and so become 
physiologically isolated. 

In N . paraguaycusis, as in other lower invertebrates, the readiness to undergo asexual 
reproduction is related to size when other factors are constant. Worms of four different 
sizes were isolated, and the time of fragmentation recorded (Table i). As readily seen 
from the table, the longest worms (30-33 mm.) fragment first, the majority within 1 
day, the remainder within 2 days, after isolation. The worms of the next size category 
(20-25 mm.) fragment next; in some cases there is little, if any, difference observable in 
the time of fragmentation between them and the largest worms at high temperatures, 
such as 27 0 C. (Exper. 29, Table 1); but the difference becomes evident when the temper¬ 
ature is lowered (Exper. 53, Table 1). Worms 15-20 mm. long are noticeably slow to 


TABLE 1 

Effect of size on the time of fragmentation after isolation 
Numbers show the number of worms fragmented on day of observation 


Exp. No. 

Temp. 

(° C.) 

No. OT 
Worms 

Days 

Length or Worm (Mm.) 

8-1$ 

15-20 

30-35 

80-55 

27 . 

20 

10 

5 

0 

0 

9 





7 

0 

7 

10 


53 . 

22 

15 

1 

0 

0 

2 

II 




2 

0 

3 

12 

15 




3 

0 

8 

13 





6 

8 

14 

15 


29 . 

27 

10 

1 

0 

1 

8 

7 




2 

0 

3 

10 

9 

54 . 

27 

15 

1 

0 

4 

3 

10 




2 

4 

7 

12 

15 




3 

4 

12 

14 





6 

10 

12 

15 



fragment, but most accomplish the act if given time enough. The smallest worms, 8-15 
mm. long, often fail altogether to fragment; but the larger worms in this category may 
fragment after several days. Worms 8-10 mm. long were never observed to divide on 
isolation; such worms are, of course, in process of regulation to normal proportions. 

The relation of size to fragmentation 3 was so evident that relatively few experim e nts 
were performed on the matter. 

Worms of 15-mm. length fragment into two pieces; those 20 mm. long, into three or 
four pieces; and the number of fragments increases with further growth in length. The 
actual length of fragments is, of course, shorter the smaller the worm; but it appears that 
the number of segments per fragment is not altered by size alone. However, this ma tter 
has not been fully investigated as yet It is thought that a study of the segment number 
of fragments in relation to size will throw some light on the stage at which the fragmen¬ 
tation levels become fixed and the order of their fixation. Since the worms add on new 
segments only in front of the anal segment, it is evident that a study of the number of 
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segments in the head fragment, for instance, in worms of different sizes, will reveal 
whether the fragmentation level for the head fragment is fixed at an early age. 

4. The effect of temperature on the time of fragmentation after isolation .—The time at 
which mature worms (30-35 mm.) will fragment after isolation in fresh water depends 
upon the temperature. At 25-30° C., 75-100 per cent of the worms will undergo frag¬ 
mentation within 24 hours, and the remainder will fragment by the second day. At 
22°—23 0 C., many—sometimes most—will fragment within 24 hours, the remainder by 
the second or third day after isolation. At i8°-i9° C. some fragmentation occurs within 
2 or 3 days, but the majority require 3 or more days. At i6°-I7° C. fragmentation is 
much delayed. Generally no worms fragment before 3 or 4 days, and often only 50 per 
cent will have fragmented within 5 or 6 days. Frequently some worms remain intact for 
many days at such temperatures. At 15 0 C. the fragmentation is very slow, and ordina¬ 
rily does not begin until 5 or 6 days after isolation. Usually the majority of the worms 
fail altogether to fragment under such conditions. At 13 0 C. fragmentation is altogether 
inhibited, and at temperatures lower than this death generally ensues in a few days. 
Worms which do not fragment within 5 or 6 days after isolation commonly fail to frag¬ 
ment altogether; a factor of starvation is probably involved here but has not been in¬ 
vestigated. 

As already mentioned, lowering the temperature constitutes a valuable means of 
slowing the fragmentation and so magnifying the differences in the action of conditions 
other than temperature. 

5. The effect of pH on the time of fragmentation .—The lettuce cultures in which Nais 
is grown have, on reaching equilibrium, a pH of about 7.3. The Bear Mountain spring 
water, used at first for cultures and experiments, has a pH of 6.9 immediately after the 
bottles are opened, but rises to 7.8 on standing, presumably through escape of CO 2 . The 
New York City tap water, which was adopted later for cultures and experiments has, 
on standing, a pH of 7.8. It became necessary to know whether small variations in pH 
were of any significance in fragmentation experiments and what, in general, is the action 
of pH on tie time of fragmentation. Fully grown worms (30-35 mm.) were isolated into 
dishes of water having a range of pH from 4 to 9, obtained by adding appropriate 
amounts of add or alkali to the water used. The pH was determined by comparison with 
Lamotte color standards. In each experiment from 17 to 30 worms were put into each 
pH, but the whole range mentioned was not covered in every experiment. The bunch 
of worms in each dish was rinsed two or three times with water of the desired pH, and 
the dish then filled nearly full and covered. To slow down the fragmentation process, 
all pH experiments were conducted at about x8° C. The dishes were examined after 2 
or 3 days, and the number of worms fragmented in each determined by counting the 
unfragmented individuals. During such an experiment the pH in the experimental 
dishes alters; the acid water becomes less acid, the alkaline water less a lk a lin e. Possibly 
a more precise result could be ob tain ed by changing the water frequently during the 
experiment, but the results secured did not appear to justify more refined experimenta¬ 
tion. The data, presented in Table 2, show that extremes of pH, namely, an acidity of 
4 or an alkalinity greater than 8, delay the fragmentation, as compared with an inter¬ 
mediate pH. No definite repeatable differences were found in the range from 5 to 8. 

In some previous experiments with acidity (Hyman, 1925) I found the carbonate 
content of the water to play a decisive role. In most of the experiments on pH with 
Nais, spring water was used. This has a much higher carbonate content than the New 
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York City tap water. However, comparisons of the two kinds of water with respect to 
the effect of pH on the fragmentation of Nais failed to show any difference. 

6. Action of potassimi cyanide on the time of fragmentation .—Potassium cyanide and 
other cyanide compounds are known to depress the oxygen consumption of the majority 
of animals. In planarians, for instance, the oxygen consumption can be depressed to 
io per cent of the normal by means of cyanide without damage to the animals (Hyman, 
1919; Allen, 1919). The cyanides are, therefore, valuable agents for depressing or in¬ 
hibiting a variety of phenomena. Since the fragmentation process in Nais must involve 
motor activity at the breaking levels, a depressing agent in proper concentration should 

TABLE 2 


Action of pH on the time of fragmentation after isolation 
(Temperature, 18 0 C.) 


Exp. No 

No. op 
Worms 

pH 4 

D 

6 

D 

8 

8.5-0 

No. of Worms Fragmented 

82. 

— 

12 


Mj 

10 

20 


83 . . . . 



12 


ie 

8 


si. . 



IS 

IBS 

9 

3 


85. 

20 

1 

7 

6 

13 

0 

0 

86. 

21 


21 

10 

8 

21 


87. 

2 3 

15 

2 3 

21 

16 

22 


88. 

27 

I 

17 

2 

0 

6 

0 

89 . 

17 


S 

8 

9 


4 

90 . 

22 

4 

16 

22 

20 

20 

16 

91 . 

28 

13 

24 

25 

19 

25 

10 

92 . 

30 

11 

30 

24 

28 

22 

1 

93 . 

2 5 

14 

21 

14 


22 

10 

04. 


2 

21 

24 




95 . 

30 

1 

1 

17 


4 

4 


retard or inhibit fragmentation, by direct action on the breaking regions. The factor of 
indirect susceptibility may also be involved. According to Child (1913), regions of high 
metabolic rate, such as the head, are better able to adjust to the lower concentrations of 
depressing agents than are regions of lower rate. Nonlethal concentrations of cyanide 
may, therefore, act not only by directly suppressing the act of fragmentation but by in¬ 
creasing the dominance of the head through the greater ability of the head than the 
body to acclimate. 

In a range of concentrations from 1/10,000 to 1/2,000,000 mol., potassium cyanide 
was found to retard markedly the fragmentation process of Nais, when the process is 
slowed down by suitable towering of temperature (Table 3). The result is little corre¬ 
lated with the concentration of cyanide except that high concentrations, such as 1 /io,ooo 
cyanide (not presented in the table), altogether inhibit fragmentation within the time 
limits of the experiment; 1/25,000 mol, is also very inhibiting. The action of cyanide is 
presumably largely a direct one on the fragmentation process. The worms in cyanide do 
not differ in appearance or activity from the controls in water. 

On theoretical grounds it might be possible to find some concentration of cyanide 
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which would inhibit the head more than the body (without injuring the worms), and 
hence accelerate fragmentation. In the early experiments with cyanide I thought I had 
obtained such a result, and so reported in an abstract (Hyman, 1935). Later, however, I 
was unable, after repeated trials, to verify the early result; and I must conclude that the 
increased fragmentation seen in several experiments in the cyanided worms, as com¬ 
pared with water controls, was accidental. These early, and more or less preliminary, 
experiments have been omitted from Table 3, as they could not be verified and as all 
the later and more extensive experiments gave an inhibiting action of cyanide. The 
range of concentration which would have an accelerating effect must be very limited; 
and since, as will be shown below, the physiological state of the worms is subject to much 


TABLE 3 

Action of potassium cyanide on the time of fragmentation 

Temperature 18 0 C. Concentration of Cyanide in Terms of Molar Strength. Numbers show the 
number of worms fragmented at the time of observation (2 or 3 dayB after isolation). Last column gives 
fragmentation in water control. 


Exp. No. 


No. of 
Worms 

.00004 

.0000a 

.00001 

.000005 

.0000035 

.000001 

.0000005 

40 

20 

22 

33 

33 

60 

42 

60 

40 

40 

60 


20 

8 

9 

8 

23 

7 

6 

8 

12 





I 

4 









5 

12 





16 



3 

8 

9 



J 3 






30 







6 

25 

9 







19 

22 

12 

29 










Water 

Control 


SO • 

6l . 

67.. 

68 .. 

69.. 

74 • 
76 . 

77 * 

78.. 

80.. 

81.. 


40 

11 

18 

22 

21 

33 

38 

S 3 

35 

37 

59 


variation, depending on cultural conditions, the effective concentration would probably 
vary with each lot of worms. These considerations have led me to believe that the exper¬ 
iment in question is impractical. 

7. Effect of decapitation on the time of fragmetUation .—Child has shown (1910,19116) 
that decapitation accelerates fission in planarians and induces fission at a smaller size 
than normally undergoes fission. The induction of fission by decapitation in planarians 
has been repeatedly verified in class experiments at the University of Chicago and has 
also been confirmed by Vandel (1922) for European species of planarians. It strongly 
supports the theory of asexual reproduction as the consequence of escape of posterior 
levels from the dominance of the head, since decapitation is the simplest method of 
elimina ting the dominance of the head. Nais paraguayensis furnishes excellent material 
for the demonstration of the effect of decapitation on fission. The results are given in 
Table 4. At the higher temperatures, 2$°-2f C., there is little, and sometimes no, dif¬ 
ference in the percentage of fragmentation of normal and decapitated worms; but when 
fragmentation is slowed by lowering the temperature to i5°-22° C., then the accelerating 
action of decapitation on fragmentation is very evident. 

8. Decapitation in relation to temperature and size .—Decapitation increases the number 
of worms which will fragment at lower temperatures, such as 15° C., and is a means of 
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inducing fragmentation at such temperatures when other temperature problems are 
being attacked. At 13 0 C., a temperature at which normal worms will not fragment at 
all, decapitated worms cast off the tail pieces; and sometimes the trunk may also frag¬ 
ment. The bre akin g-off of only the tail pieces at such temperatures may indicate that 
this region is the first to constrict off normally. 

Decapitation also accelerates the fragmentation of small worms and may increase the 
percentage of fragmentation in the smaller sizes. However, decapitation will not induce 
fragmentation in worms of 10 mm. length. 

9. Behavior of halves and quarters .—If worms are cut in half, the posterior halves 
fragment within 1 day at room temperature, while the anterior halves require 2-5 days 

TABLE 4 

EFFECT OF DECAPITATION ON THE TIME OF FRAGMENTATION 


Last two columns give the number of worms fragmented in normal and 
decapitated lots. 


Exp. No. 

Temp. C* C.) 

No. of 
Worms 

Days 

Normal 

Decapi¬ 

tated 

16. 

27 

10 

1 

8 

IO 

29. 

27 

20 

1 

15 

20 

51. 

27 

20 

I 

19 

20 

56. 

25 

20 

1 

20 

20 

57. 

25 

20 

1 

20 

20 

57. 

35 

20 

I 

17 

20 

5i. 

22 

20 

X 

O 

20 

5i. 

22 

20 

X 

2 

18 

53. 

22 

3° 

I 

7 

30 

16. 

20 

30 

I 

0 

24 

5i. 

19 

20 

X 

2 

18 

5i. 

17 

20 

X 

0 

4 





I 

1 

7 

56. 

■ 

20 

■ 

* 

8 

16 





s 

13 

20 

57. 

O 

40 

1 

[2 

L4 

0 

20 

4 

33 


for fragmentation. If worms are cut into anterior fourth and posterior three-fourths 
pieces, the latter fragment within a day, while the quarter-pieces fragment very slowly 
or not at all, beginning with the fifth day after cutting. In the case of anterior three- 
fourths and posterior quarter-pieces, the former fragment in 2 days, the latter in 1 day 
or not at all. These findings again show that the presence of the head inhibits fragmenta¬ 
tion within a certain distance. 

EXPERIMENTAL CONTROL OP FRAGMENT LENGTH 

The problem here attacked is the question of controlling the number of pieces into 
which the worm fragments. The matter at issue is: Are the places at which Nats con¬ 
stricts into fragments predetermined or can they be altered by environmental means? 
The problem is evidently a statistical one in which large numbers of worms must be 
studied. While it would be possible to isolate individual worms and record the number 
of pieces into which they fragmented, mass experiments have seemed a more practical 
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method of attack. Fully grown worms (30-35 mm.) were allowed to fragment under 
whatever conditions were desired, and then the length of all the fragments obtained was 
recorded by counting their segments under chloretone anesthesia. It is true that the 
length of the segments varies somewhat along the axis, but only in the tail piece is there 
a marked reduction in segment length. The number of segments in the tail pieces cannot 
be accurately determined because the last segments are indefinite and not fully dif¬ 
ferentiated, but an estimate in round numbers of the number of segments in the tail 
pieces was at first kept. As no evidence was secured that the length of the tail pieces was 
correlated with any of the procedures tested, the tail pieces were disregarded in later 
experiments. The head pieces were recorded separately. The data then concern the 
number of segments in each fragment and are arranged in the tables to give the number 
of fragments of each segment length obtained in any given experiment. In counting the 
number of segments in the head pieces, the five head segments were disregarded. 

No evidence was obtained of any relation between actual length of the fragments or 
number of segments per fragment and body level, except that, as already mentioned, 
the head fragment is always longer and contains more segments than any of the trunk 
fragments. The trunk fragments, so far as observed, are all of approximately the same 
length and segment number, without regard to level, and give a normal variation curve 
with respect to the number of segments. It is these variation curves and the displace¬ 
ments of their modes by experimental means which are the subject of the following 
experiments. 

1. Fragment length in relation to temperature. —It seemed probable that fragment 
length could be altered by the temperature at which fragmentation occurred. Numerous 
experiments were set up in which lots of worms were placed for fragmentation in different 
temperatures, usually 25°-27°, 2o°-22°, and i5°-i6° C. The number of segments was 
counted in each of the hundreds of fragments obtained, and the results tabulated and 
studied. The result of all this labor was negative: the length of the fragments cannot be 
altered by the temperature at which fully grown worms fragment. This finding suggests 
that the levels at which fragmentation is to occur are already more or less fixed in mature 
animals. 

At low temperatures, such as i5°-i6° C., a considerable number of long pieces are 
obtained, as shown in Table 5. These pieces range from thirty to fifty or more segments 
in length, while body fragments typically do not exceed twenty-five segments in length. 
It is evident, however, that these long pieces do not represent a shift in fragment length 
by low temperature but are simply pieces which failed to carry out the final fragmenta¬ 
tion. In short, low temperature partially suppresses the fragmentation process, so that 
breaking fails to occur at some of the predetermined levels. As already noted, many 
worms do not fragment at all at 15 0 C. 

2. Effect on fragment length of culturing worms at different temperatures .—When placing 
worms to fragment at different temperatures failed to affect the fragment length, cultur¬ 
ing worms at different temperatures seemed the next logical step. According to Child 
(1910, 19116), culturing at low temperatures increases zooid length in planarians and 
Stenostomum ; at high temperatures, decreases zooid length. The explanation given is 
that the slower growth rate at low temperature permits the dominant region to keep 
pace with the increase of length, and so extend its range of dominance and retard 
physiological isolation; while the rapid growth at higher temperature outruns the rate 
of extension of dominance and so permits earlier isolation of zooids. Van Cleave, how- 
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TABLE 5 

COMPARISON OF FRAGMENT LENGTH AT 25°-27° AND I5 °-i6 ° C., SHOWING SUPPRESSION 
OF FRAGMENTATION AT THE LATTER TEMPERATURE 
Numbers show the number of fragments of each length in each lot of worms. Length is expressed 
as number of segments per fragment. 
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ever, has recently shown (1937) that in naids the contrary result is obtained with low 
temperature, namely, a shortening of zooid length. There is also considerable evidence in 
the literature (reviewed by Van Cleave, where references will be found) that in naids 
winter temperatures shorten zooid length and summer temperatures increase it. Van 
Cleave did, however, find that rapid growth at 2o°-25° C. in good cultural and nutritional 
conditions results in short zooids, confirming Child on this point. Poor nutritional and 
cultural conditions increase zooid length. 

The present experiments confirm the results of Van Cleave (although obtained inde¬ 
pendently) and extend them to another species of naid. Cultures made from new frag¬ 
ments were placed at 27 0 and i 8 °- 2 o° C., respectively. Both cultures had ample food 
supply and were kept in optimal conditions, with frequent changes of water. When the 
worms had reached full size, lots were isolated from each temperature culture and al¬ 
lowed to fragment at both temperatures. As the worms grew much more rapidly in the 
higher temperature culture than in the lower, it was not always possible to compare the 
fragmentation from the two cultures simultaneously. This was done sometimes by let¬ 
ting the warm culture undergo a spontaneous fragmentation. The fragments from this 
fragmentation grew up to full length about the time the cold culture had first reached 
fragmentation size. 

This experiment has been done in full twice; the main results are given in Table 6. 
In each experiment, lots of fully grown worms were selected at various times and set to 
fragment at both 27 0 and i 8 °- 2 o° C. Not all of these trials are presented in the table; 
those omitted gave the same result. It is seen that the fragment length of either the 
warm or the cold culture remains the same regardless of the temperature in which the 
fully grown worms are placed for fragmentation, a result which confirms that reached in 
the preceding section, i.e., that temperature does not affect the fragment length of 
mature worms. On the other hand, the fragment length is consistently greater in the 
27 0 worms than in the i 8 °- 2 o° worms. Thus, when N. paraguayensis is grown at a 
relatively low temperature, the fragment length is shortened; and when it is grown at a 
relatively high temperature, the fragment length is increased, despite the fact that the 
worms obviously grow much more rapidly at the higher temperature and may pass 
through two natural fragmentations to one such in the colder culture. 

Not only the trunk fragments but also the head fragments are shorter in the cold 
cultures and longer in the warm cultures. In Experiment 26 the head fragments in the 
cold culture ranged from eighteen to twenty-seven segments in length, with an average 
of 24.7, those of the warm culture, from twenty-eight to thirty-six segments in length, 
average 32.1. In Experiment 40 the head fragments of the cold culture varied from 
seventeen to thirty segments, average 22.7; of the warm culture, from twenty-four to 
thirty-eight segments in length, average 28.6. 

It should be remarked that it has not been practical to experiment with lower tem¬ 
peratures because of the extremely slow growth at even 15° C. 

3. The effect of aging of the culture on fragment length .—Throughout the experiments 
with temperature it was noticed that the average segment number of the fragments, 
although consistent within any one experiment, varied considerably in experiments 
carried on at different times, as will be seen in Table 6. At room temperature the average 
number of segments per fragment might be anything from fifteen to twenty-five. The 
source of these differences was puzzling for a long time until it was eventually noticed 
that fragment length bore some relation to the age of the cultures. Experiments were 
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then set up comparing fragment length in worms from fresh and stale cultures. The 
data, given in Table 7, show that the fragment length is consistently shoiter in worms 
grown in freshly made cultures than in those grown in old cultures A similar lesult is ob¬ 
tained by crowding the worms. New fragments were placed in fresh cultures—a small 
number of fragments in one, a large number in the other. The latter grew noticeably 
more slowly than the former. The fragment length of fully grown worms from the un¬ 
crowded culture is shorter than of similar worms from the crowded culture (Exp. 39, 

TABLE 6 

Effect or culturing at different temperatures on the 

LENGTH OF BODY FRAGMENTS 


Numbers show the number of fragments of each length in the different tempeiatures 



Table 6). The experiment with crowding was performed only once. In all of these ex¬ 
periments, also, the length of the head fragments follows that of the body fragments, 
being shorter in fresh and longer in aged cultures. These experiments with aging of the 
culture confirm the findings of Van Cleave (1937), who used another species, Pristina 
longiscta. 

The experiments here recorded indicate that in N. paraguaymsis the levels at which 
fragmentation will occur are already fixed in fully grown worms but that they ran be 
altered by the conditions under which the fragments grow to ma turity. Fresh culture 
medium and low temperature shorten the fragment length, or, in other words, increase 
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the number of fragments per worm, old cultuie medium and high temperature lengthen 
the fragments or decrease the number of fragments per worm. It seems probable that 
these two factors are really identical, that is, at low temperature the culture ages less 
rapidly than at high, and the effect is the same as culturing the worms in fresh medium 

TABLE 7 

THE ETFECT OF AGING OF THE CULTURE AND THE NUMBER OF ORMS PER 
CULTURE ON FRAGMENT LENGTH 

Numbers show the number of fragments of each segment length in samples from various cultures 



The result is not explicable on the grounds of rate of growth. The worms do certainly 
grow more rapidly in fresh medium than in old, as can be seen by inspecting the posterior 
growing region. But the worms also grow much more rapidly at 27 0 than at 18 0 . The 
effect on fragment length of higher temperature is, however, the opposite of that of 
fresh medium, although both accelerate the growth rate. Similarly, both low tempera- 
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ture and old medium slow down the growth rate but have an opposite effect on fragment 
length. 

The results are not easy to interpret. The available facts seem to indicate that in 
naids zooid length is controlled chiefly by the concentration of metabolic and putrefac¬ 
tive products in the medium during growth. It seems necessary to postulate a low degree 
of head dominance and a strong tendency for posterior regions to become physiologically 
isolated as zooids. When the concentration of metabolic and putrefactive products in 
the medium is low, the isolation of posterior levels as zooids occurs early and zooids are 
correspondingly short. A higher concentration of such products retards the tendency of 
posterior levels to isolate; zooid formation is consequently slower and the zooids longer. 



Fig. 2. —Graphs of the disintegration in cyanide of six worms of varying lengths. Segment number on 
the abscissa; time in minutes on the ordinate. 


4. Disintegration gradient of N. paraguayensis in cyanide .—In the hope of obtaining 
some light on physiological conditions in N. paraguayensis , the disintegration of a num¬ 
ber of individuals in 1/1,000 mol. potassium cyanide was watched and recorded as num¬ 
ber of segments disintegrated against time. Some years ago I studied the disintegration 
gradients of oligochaetes (Hyman, 1916) and found that, in general, they are of the 
“double” type with disintegration proceeding from both ends toward the middle. The 
posteroanterior gradient of the posterior part of the body apparently results from the 
continuous growth of new segments there and seems to have little, if any, integrative 
value. In N, paraguayensis the disintegration gradient shows considerable individual 
variation, as illustrated in the graphs in Figure 2. Only in the smaller worms is the 
gradient often of the U-shape found in other oligochaetes (Fig. 2d), and some small 
worms have a continuously descending gradient with no posterior rise. These variations 
presumably depend upon the rate of growth of the posterior region. In the larger worms, 
disintegration always begins at the head and progresses posteriorly, giving a rather steep 
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gradient. This simple descending gradient, however, extends for only twenty to twenty- 
five segments. Posterior to this level the gradient more or less flattens out, and there 
is usually a long stretch in which segments disintegrate simultaneously or nearly so 
(Fig. 2C, D, E). This flattened part of the gradient may comprise the greater part of the 
worm but may be succeeded by a short posterior region of higher susceptibility (Fig. 
2D, E). Sometimes the larger worms show a typical U-gradient (Fig. 2 B), and some¬ 
times they give a descending gradient following the flattened region (Fig. 2F). Not in¬ 
frequently the posterior end fails to show any increased susceptibility; this presumably 
depends upon the rate of growth at the time of testing. 

These results indicate that in this worm the head controls only a relatively short 
length of the axis and that most of the body of the adult animal is physiologically 
isolated. This isolation apparently begins at a relatively early stage, at which time the 
fragmentation levels become more or less fixed. No very definite indications of fragmen¬ 
tation levels show up in the disintegration gradients, although probably the sharp dips 
in the curves in C, D, and E represent such levels. It is also probable that the level where 
the descending anterior gradient passes into the flattened portion of the gradient is the 
place where the head fragment separates from the trunk. 

SUMMARY 

1. Nais paraguayensis, a South American fresh-water oligochaete of the family 
Naididae, reproduces asexually by fragmentation without the formation of typical 
fission planes. The worms grow to a length of 30-35 mm. and then spontaneously frag¬ 
ment into several pieces, usually six to eight. These pieces regenerate rapidly into com¬ 
plete normal worms. 

2. Fragmentation can be induced within 24 hours by isolating fully grown worms into 
fresh water without food at a temperature of 25°-3o° C. 

3. The head fragment is typically longer than the body fragments, both absolutely 
and as to number of segments (typically twenty to thirty, exclusive of the five head 
segments). The body fragments are approximately equal in length and number of seg¬ 
ments, typically ten to twenty. The tail fragment is of about the same length as the 
body fragments but contains many more segments (mostly thirty to fifty) because of the 
small size of the most posterior segments. 

4. The time of fragmentation after isolation is dependent on size and is more delayed 
the smaller the worms. Worms 10 mm. or less in length do not fragment. 

5. The time of fragmentation after isolation is dependent on temperature and is more 
delayed the lower the temperature. At 15 0 C. fragmentation is very slow, and many 
worms fail altogether to fragment. Fragmentation is usually completely inhibited at 
13 0 C. or lower, and death generally ensues at io° or lower. 

6. Extremes of pH, 4 or below, and above 8 retard the fragmentation. No definite 
effect was seen in the range from pH 5 to 8. 

7. All concentrations of potassium cyanide used (1/10,000 to 1/2,000,000 mol.) retard 
the fragmentation without affecting activity or appearance of the worms. 

8. Decapitation accelerates the fragmentation in all sizes that will fragment and at 
all temperatures below 25 0 C. 

9. The length of the fragments, that is, the places at which fragmentation occurs, are 
already fixed in mature worms and could not be altered by any procedures tried. 
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10. The length of the fragments from mature worms is the same regardless of the 
temperature at which fragmentation takes place; but at temperatures of is°-i 6°C., 
long pieces may be obtained through suppression of some of the fragmentation levels. 

11. The length of the fragments can be altered by the conditions under which frag¬ 
ments grow up to mature worms. 

12. Worms cultured throughout their growth at lower temperatures ( i 8°-2 o ° C.) 
fragment into shorter pieces than those cultured at a higher temperature (25°-27° C.). 

13. Worms grown in freshly made cultures fragment into shorter pieces than those 
grown in old cultures. 

14. Worms grown in uncrowded cultures also fragment into shorter pieces than those 
from crowded cultures. 

15. The results obtained under 12,13, and 14 probably all depend upon one factor, the 
rate of accumulation of metabolic and putrefactive products in the culture during the 
growth of the worms. The higher the rate of accumulation of such products, the more 
slowly are the fragmentation levels established and the greater the distance between 
them, i.e., the longer the eventual fragments. 

16. Disintegration in cyanide gives a simple anteroposterior disintegration gradient 
only at the anterior end. Over most of the body the gradient is irregular and very 
shallow, and long stretches of segments disintegrate simultaneously or nearly so. Some 
indications were seen of a differential susceptibility of fragmentation levels. The postero- 
anterior gradient typical of the posterior end of aquatic oligochaetes is weakly developed. 

17. The results are interpretable on the basis of Child’s theory of asexual reproduction 
as a physiological isolation from a dominant region. 
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APPENDIX 

THE CULTURE OF NAIS PARAGUAYENSIS 

Shallow vessels are most convenient. Have 1-2 inches of water. Water should be of a type 
found suitable for other aquatic animals. Put lettuce leaves in water and bring them to a 
vigorous boil; but do not let boil, as this makes them too mushy. Thin, leafy types of lettuce 
are preferable, such as romaine and the kind known in New York City as Boston lettuce. Outer 
leaves discarded by grocery stores are suitable and usually may be had gratis. Place the boiled 
leaves in the cultures in the proportion of one fair-sized leaf to an 8- or 10-inch dish. Add worms 
immediately; do not let cultures stand without worms in them. Covering is desirable. Aeration 
is unnecessary. Temperatures of 25°-3o° C. are best for rapid growth; temperatures below ao° 
should be avoided. As soon as the lettuce leaf is well occupied by worms or evidently going to 
pieces, add another leaf. Avoid too much lettuce. Disintegrated remains of old leaves should be 
constantly removed. The worms will commonly abandon old remnants and go on new leaves. 
Once or twice a week pour off most of the water and replace with fresh water. For best results 
entirely new cultures should be set up at frequent intervals. Too many worms in a culture in¬ 
hibit growth; as soon as the worms become abundant, they should be subdivided into fresh 
cultures. Growth of algae in the culture is undesirable and can be eliminated by putting the 
cultures in total darkness for a few days. The presence of protozoans, crustaceans, rhabdocoels, 
etc., in the cultures should be avoided. 

Nais paraguayensis is one of the most suitable invertebrates yet discovered for research and 
class purposes. It can be grown easily and in enormous numbers at negligible expense. It 
furnishes exceptional material for the study of growth, asexual reproduction, regeneration, ac¬ 
tion of physical factors and chemical composition of the medium, population biology, condition¬ 
ing, etc. In addition, it constitutes excellent food for experimental fish and urodele larvae and is 
easier and more dependable to grow for such purposes than Daphnia . 

Cultures will gladly be sent to interested zodlogists. 
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THE EFFECT OF PLANARIAN EXTRACTS AND EXUDATES UPON 
HEAD REGENERATION IN EUPLANARIA DOROTOCEPHALA 

(One figure) 

J. WILLIAM BUCHANAN 
Department of Zoology, Northwestern University 

T pE establishment of the principle of organizers, which has been one of the im¬ 
portant contributions to knowledge of the physiology of development of the 
last two decades, has been largely the result of work on vertebrate embryos, 
principally the amphibian embryo. As is well known, in the amphibian embryo intact 
liv ing tissues, tissue extracts, tissues killed by heat, and other substances—for example, 
thyroxin—when applied under suitable conditions elicit responses that in some manner 
result in differ entiations that are beyond the expected developmental fate of surround¬ 
ing tissues. The literature on regeneration in the invertebrates contains evidence which 
shows that, with exceptions in the case of regeneration of the planarian head, only intact 
living tissues are capable of acting as organizers. In Euplanaria dorotocephala both liv¬ 
ing-tissue transplants and external chemical agents induce head formation, the former 
in the intact animal, the latter in regenerating fragments. This classical experimental 
animal therefore affords suitable material for further experimental analysis of the nature 
of inductive influences. The experiments about to be described are continuations and 
extensions of earlier work (Buchanan, 1922,1923). They were planned to test the possi¬ 
bility that the anterior region of the planarian, E. dorotocephda, from which effective 
inducing transplants have been made (Santos, 1929) may contain or give off from the 
living tissue specific agents that induce head regeneration in pieces taken from posterior 
regions of the animal. The results appear to have an important bearing on the general 
problem of induction in form regulation and on the specific problem of the nature of the 
determining conditions in head regeneration in planarian pieces. 

The application of the method of mass experiments to regeneration problems by Child 
(19x1) has made it possible to examine with greater accuracy the conditions underlying 
reconstitution and form regulation. By this method it has been shown that many 
agents and conditions may cause the development of a head by a piece of a planarian 
that would otherwise undergo little or no regeneration. This evidence of induction of 
head formation is found in the greater frequency of occurrence of heads, in various de¬ 
grees of completeness, among treated lots of pieces, as compared with their frequency 
in control lots of physiologically similar pieces taken from the same region of the animals 
and regenerating in water. Among the effective agents are the cyanides, various alco¬ 
hols, anesthetics, alkaloids, inorganic adds and bases, organic adds, exposure to low 
temperature, and water conditioned by the animals (Child, 1911, 19x2, 1916, 1920; 
Behre, 1918; Buchanan, 1922,1923; Hinrichs, 1924; Rustia, 1925; Rulon, 1936,1937). 

Without exception, agents that are effective in increasing head frequency also cause 
decreases in head frequency when applied in suitable concentrations or intensities. Thus 
if pieces are treated immediately after section with weak concentrations or intensi¬ 
ties, the number of heads or headlike anterior ends formed in a given lot of pieces is 
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significantly greater than among controls. But after treatment with higher concentra¬ 
tions or intensities, the head frequency is significantly less than among controls. The 
explanation of these remarkable results was first set forth by Child (1911); it is adopted 
by the writer in two previous papers (1922,1923) and will be discussed farther on in the 
present communication. 

Induction in planarian regeneration has also been demonstrated by the method of 
transplantation. If a fragment of living tissue is taken from the head region of a 
planarian and implanted posterior to 
the pharynx, the implant exhibits a / X 
distinct and positive inducing action, / * 1 \ 
impelling the formation of a head 
which incorporates both adjacent and 
transplanted tissue (Santos, 1929). 

The action is not species specific, for 

transplants from E. maculata induce y 

head formation in E. dorotocephala . 1 

But homoplastic transplants are effec- _ 

tive only if the transplanted tissue is 

taken from an anterior region and / \ 

placed in a posterior location. \ 

MATERIALS AND METHODS / 

Abundant supplies of E. dorotoce - \ / 

phala are available in this area. Col- , \ _ / 

lections are kept under conditions that l / ^ 

are controlled with regard to food \ / 

supply and temperature, and the \ / 

selection of animals for experimenta- \J 

tion was always made from stocks 

that had been so controlled for more ^ 

than a week, usually 3 or 4 weeks 

after collection. Pieces approximate- Fig i.— A t diagram of E dorotocephala Portion be- 
ly I mm. long were cut from the tween transverse lines posterior to pharynx employed in 

region just posterior to the pharynx 

from carefully selected animals Of the remainder of the piece as T. F also includes th e 
the same length (Fig. I, ^4). In posterior cut surface and adjacent stimulated cells, 
each experiment a number of such 

pieces, usually 50 or more, were set aside in water as a control. Similar lots were 
then cut and treated in various ways, as described farther on. After 10-12 days the num¬ 
ber of heads and of other types of regeneration was determined for both control and 
experimental lots. Differences in the head frequency of the treated lots as compared with 
the control are attributed to the experimental treatment. 

The method is attended by certain difficulties. Two control lots consisting of 50 pieces 
each, cut consecutively and as nearly as possible under identical conditions, do not al¬ 
ways yield the same head frequency; the differences appear to be due to at least two un¬ 
controllable elements: the operator cannot cut with the accuracy necessary to assure 
that all pieces are taken from exactly the same region of the animals, nor can pieces be 
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cut that do not vary somewhat in length. Moreover, there are undoubtedly distinct 
individual differences in the regenerative responses of the animals. The writer has re¬ 
peatedly tested the method by comparing the head frequencies of lots of 50 cut con¬ 
secutively, and of lots obtained by cutting 100 or more pieces and dividing at random 
into groups of 50 each. In no case did the range of difference in head frequency between 
comparable lots exceed 10 per cent. A similar analysis has recently been given by Rulon 
(1936). Consequently, in the data given below, differences between experimental and 
control lots exceeding 10 per cent are regarded as significant. Moreover, consistently re¬ 
curring differences in the same direction of less than 10 per cent may also be regarded 
as indicative. 

A second source of difficulty arises from the fact that whether or not a head will be 
regenerated by a piece is partially determined within a few hours after the piece is iso¬ 
lated. The cutting of 100 or more small fragments is a tedious and time-consuming task. 
By the time that the last pieces are cut, the appropriate distribution to flasks completed, 
and the experimental treatment applied, pieces first cut are several hours older than 
those last isolated. 

In this particular work another difficulty developed because of the great number 
of animals required for many of the experiments. Although the form is plentiful and 
easily obtained, large stocks must be kept on hand because selections for experimentation 
must be made of animals of the same size. Consecutive day-to-day experiments could 
not be carried out because of lack of numbers of animals of uniform size. Stocks from 
which selections were made were therefore in the laboratory for different periods. It has 
been observed that after some weeks in the laboratory the head frequencies of controls 
increase. Thus repetitions desirable to test the validity of an observation could not al¬ 
ways be made upon identical material. 

In some American triclads the regulative reaction appears to be of an all-or-none 
type; either normal heads are regenerated or no regeneration occurs (Buchanan, 1933, 
1936). In planarians regenerating fragments form all degrees of anterior regeneration 
from normal heads to complete absence of anterior tissue. This peculiarity in E. doro - 
tccephala permits the detection of differences in the effect of an experimental agent to a 
finer degree than would otherwise be possible. For such a study it has been found con¬ 
venient to establish categories of degree of head completeness among regenerating pieces 
(Child, 1911). Five classes of anterior ends have been distinguished: normal, in which 
the head is indistinguishable from the heads of collected animals; teratophthalmic, in 
which the head is normal in shape, or nearly so, but the eyespots are fused to a greater 
or lesser extent; teratomorphic, in which the head is a rounded protuberance with a 
single median eye; anophthalmic, in which the head is represented by some anterior out¬ 
growth devoid of eyes; acephalic or headless, in which there is no anterior outgrowth; in 
this type of regenerate, posterior regeneration is quite complete but the anterior cut sur¬ 
face is simply contracted and filled with scar tissue. Agents which affect head frequency 
show their effects in several ways: (1) there may be a reduction in the number of re¬ 
generated anterior ends of all classes. This occurs when the agent is applied in relatively 
high concentrations or intensities. (2) There may be an increase in total number of re¬ 
generated anterior ends of all classes. Brief exposures usually yield this result. (3) The 
total number of regenerated anterior ends may not differ from that of the control, but 
the number in one or another class may be decreased or increased as compared with con¬ 
trols. To evaluate the effects of an agent it is necessary to consider not only the changes 
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in the total number of anterior ends regenerated but also differences between the various 
classes. 


data 

The most obvious approach to the problem of head induction by specific head¬ 
generated substances is to treat isolated pieces with extracts of head tissue. Conse¬ 
quently, in the first series of experiments pieces were taken from the region indicated in 
Figure i, A, and treated with a simple water extract prepared as follows: heads were 
cut from 300 animals and placed in a mortar with a few drops of tap water. Grinding 
was carried on for 5 minutes. Water was then added to make 25 cc., the mass stirred 
vigorously and then allowed to settle. One hundred animals of approximately the same 
length were selected and the designated pieces cut. Fifty pieces selected at random for 

TABLE 1 

HEAD FREQUENCY AMONG REGENERATING PIECES OF E . doroiocephala AFTER 
TREATMENT WITH WATER EXTRACTS OF MASHED PLANARIAN HEADS 

(Controls treated with tap water; in per cent) 


Lot 

No. of 
Pieces 

Duration 
of Treat¬ 
ment 
(Hours) 

Normal 

Teratoph- 

thalmic 

Terato- 

morphic 

An oph¬ 
thalmic 

Head¬ 

less 

Dead 

Control. 

75 

mm 

17.3 

56.0 

0.0 


14.6 

2.6 

Experimental. 

75 

■9 

26 4 

53-3 

1.3 


5-3 

8.0 

Control. 

50 

17 

70.0 

20.0 

0 0 

4.0 

6.0 

0.0 

Experimental. 

5 ° 

*7 

88.0 

10.0 

0.0 

0.0 

2.0 

0.0 

Control. 

So 

14 

52-0 

24.O 

0.0 

18.0 

6.0 

0.0 

Experimental. 

So 

14 

90 0 

6 0 

0.0 

4.0 

0.0 j 

0.0 


a control were placed in a beaker and covered with 25 cc. of tap water. The head extract 
was then filtered and poured over the remaining 50 pieces. Both lots were allowed to 
stand for periods up to 18 hours. The control lot was then removed and placed in 500 cc. 
of tap water. The experimental lot was washed in several changes of tap water and also 
placed in 500 cc. of tap water. Water over the pieces was changed every other day. 
After 10 or more days the regenerates were examined. Three such experiments were 
carried out, with the results shown in Table 1. An inspection of the data demonstrates 
that pieces subjected to the head extract regenerated more heads than did the controls. 

Attempts were then made to prepare ether and acetone extracts of planarian heads, but 
the results were not fruitful and the method was abandoned. It was found that when 
heads were mashed and shaken with ether, no visible deposit was left when the ether 
evaporated. In fact, when 300 heads were thus treated with 3 cc. of ether, the evaporat¬ 
ing ether left no oily stain on white filter paper. Acetone extracts were so minute as to 
be quite impractical for use. 

The data in Table 1 do not answer the question as to whether the increased number 
of heads regenerated in the experimental lots is due to a specific inductor or to an altera¬ 
tion of the physiological conditions in the isolated pieces, thereby setting up a system 
conducive to head regeneration. The specific inductive capacity of the head extract 
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was tested as follows: 10 animals, 16 mm. long,, were beheaded and individually placed 
in a Petri dish on ice. After they had become quiet a glass needle, prepared by drawing 
out a capillary tube, was used to inject a small quantity of head extract into each animal 
in the region from which the regenerates in Table 1 had been taken. Ten control a n i ma ls 
were injured in the same region by the same needle, but without injection. After 11 days 
each animal was examined under the binocular microscope. In both exper im e n tal and 
control animals several had undergone fission. In the others the injuries had healed 
without any trace of outgrowths of any sort. 

The procedure was varied in another experiment. Ten animals were injured in the 
region just posterior to the pharynx and then placed in 10 cc. of head extract for 18 

TABLE 2 

Head frequency among regenerating pieces of E . dorotocephala in 
RELATION TO VOLUME OF WATER IN CONTAINERS 

(In per cent; 50 in each lot) 


Lot 

Water 

Volume 

(Cc.) 

Duration 

of 

Treatment 

Normal 

Tera- 

tophthal- 

mic 

Terato 
morph ic 

Anoph- 

thalmic 

Head- 

leas 

Dead 

Control. 

SOO.O 

12 days 

36 

38 

O 

20 

6 

O 

Experimental. 

0.2 

18 hr. 

50 

32 

2 

14 

2 

0 

Control. 

500.0 

T4 days 

26 

50 

mm 

16 

8 

0 

Experimental.. 

0.2 

16 hr. 

2 2 

40 

n 

20 

IO 

4 

Control. 

500.0 

10 days 

18 

32 

B 

36 

14 

0 

Experimental. 

0.2 

17 hr. 

18 

36 

2 

30 

14 

0 

Control. 

500.0 

11 days 

12 

20 

2 

46 

20 

0 

Experimental. 

0.2 

14 hr. 

6 

28 

2 

SO 

14 

0 

Control. 

500.0 

12 days 

16 

32 


12 

34 

4 

Experimental. 

1.0 

20 hr. 

16 

46 


16 

18 

0 


hours. Controls similarly injured were placed in the same quantity of water. The results 
were entirely negative; there was no evidence that the head extract had in any way 
altered the course of wound-healing or induced any changes whatever in the site of 
injury. 

Many years ago Child (1912) showed that when pieces of E. dorotocephala were al¬ 
lowed to regenerate in water in which whole animals had been kept, head frequency was 
appreciably higher compared with controls regenerating in fresh water. This suggests 
that substances excreted by the intact animal act on head regeneration in the same direc¬ 
tion as do extracts of tissues. In the next series of experiments an attempt was made to 
determine whether or not such exudates are derived solely from the head. Some data 
were also obtained showing a relation between water volume and head frequency. In 
Table 2 it appears that keeping the pieces in 0.2 cc. water for periods up to 20 hours after 
section has no appreciable effect upon head frequency when compared with pieces re¬ 
generating for the full period in 10 cc. of water. But in Table 3 it is shown that if heads 
or posterior ends are added to a 10 cc.-water volume, together with a regenerating piece, 
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a crowding effect occurs. In two cases head frequency is increased and in two others it 
is decreased by the presence of additional tissue. 

Ten experiments on crowding in a small water volume are given in Table 4. Eight 
show increases in head frequency whether the crowding is due to the addition of heads, 
tails, or other pieces from the same region of the animal. 

From Tables 2, 3, and 4 it appears that (1) short treatment of pieces in exceedingly 

small vol ume s of water has no effect upon head regeneration; (2) crowding pieces with 

either head, tail, or other tissue in small volumes of water for a period up to 24 hours 

induces increases in head frequency in most cases but may also cause decreases; (3) if 

crowded in larger volumes of water for the duration of the regenerating period, there is 

* 

TABLE 3 

HEAD FREQUENCY AMONG REGENERATING PIECES OF E. dorotocephala IN RELATION TO 
WATER VOLUME AND IN THE PRESENCE OF HEADS AND POSTERIOR ENDS 

(In per cent) 


Lot 

No. 

Water 

Volume 

(Cc.) 

Conditions 

Normal 

Tera- 

tophthal- 

mic 

Terato- 

morphic 

Anoph- 

thalmic 

Head¬ 

less 

Dead 

Control. 

So 

10 

1 piece 

44.0 

18 0 

■ 

22 0 

16.O 

0.0 

Experimental... 

So 

IO 

|i gieee J 

54 -° 

26.0 

m 

1 

8.0 

0.0 

Control. 

So 

10 

1 piece 

62.0 

22.0 

2 

1 

10.0 

0.0 

Experimental.. 

SO 

10 

li 

ZJ 3 

78.0 

10 0 

0 

xa 

2.0 

8.0 

Control. 

So 

4 

i piece 

14.0 

34-0 

n 

18 0 

38.0 

0.0 

Experimental... 

SO 

4 

{ite} 

8.0 

33.0 


20.0 

33.0 

4.0 

Control. 

80 

6 

i piece 

n 

l6 2 


35 -o 

38.7 

0.0 

Experimental.. .* 

80 

6 

{2 leads} 

a 

20.0 

H 

33*7 

43 7 

2*5 


a tendency for head frequency to increase; (4) exudates of heads, tails, or of the pieces 
themselves induce changes in head frequency. 

It is then clear that head regeneration may be influenced by the proximity of living 
planarian tissue if the quantity of water forming the environment is sufficiently small. 
It is also shown that the controlling influence is derived from living tissue from several 
regions of the animal. Further evidence of the nature of this influence was then sought. 
The experiments so far carried out are quite inadequate to determine whether or not 
planarian tissue may be the source of emanations that influence head frequency; but so 
far as they go, it is dear that under the conditions of this work the action of living tissue 
in influencing head regeneration will not operate through glass or quartz i mm. in thick¬ 
ness. In each of these experiments 100 pieces were cut as before. As a control, 50 were 
placed in a pyrex glass beaker with 100 cc. of tap water. The beak e r was set in a larger 
beaker and the space between the beaker walls filled with water. From x 50 to 300 freshly 
cut heads were placed in the water in the outer beaker, resting in the water jacket ap¬ 
proximately s mm. thick between the two beakers. The remaining 50 pieces were ar- 
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TABLE 4 

Head frequency among regenerating pieces of E. dorotocepkda after exposure to 

FRESHLY CUT PL ANARLAN HEADS, POSTERIOR ENDS, AND WHEN TWO 
PIECES FROM THE SAME REGION ARE PRESENT 


(Each piece was placed in o.a cc. water, and in experimental lots the head or other portion added. 
After treatment all pieces were removed to five hundred cc. flasks, fifty to each flask. Forty or fifty 
pieces in each lot.) 


• Lot 

Treatment 

Duration 

(Hr.) 

Normal 

Tera- 

tophthal- 

mic 

Terato- 

morphic 

Anoph- 

thalmic 

Head¬ 

less 

Dead 

Control . . .. 

Water 

24 

40 0 

48.s 

0 

5-7 

5*7 

O 

Experimental.. . 

With heads 

24 

58.8 

38.2 

0 

3 -o 

0.0 

O 

Experimental. 

With tails 

24 

5 i 5 

42.4 

0 

6 0 

0.0 

O 

Control. 

Water 

14 

6.0 

28 0 

2 

50 0 

14.0 

0 

Experimental. 

Two pieces 

14 

8.0 

33 0 

2 

46.0 

11.0 

0 

Control. . . 

Water 

20 

16 0 

46.0 

4 

16.0 

18.0 

0 

Experimental. 

With heads 

20 

14 0 

34-0 

2 

18 0 

30.0 

2 

Control. 

Water 

18 

32.0 

30.0 

0 

20 0 

16,0 

2 

Experimental. 

With heads 

18 

54 0* 

24.0 

2 

6.0 

10.0 

4 

Control. 

Water 

H 

12.0 

48 0 

0 

20 0 

16.0 

4 

Experimental. 

With heads 

24 

28 0 

28.0 

8 

8.0 

12.0 

16 

Control. 

Water 

24 

360 

32.0 

0 

0 

ti 

M 

16.0 

4 

Experimental. 

With heads 

24 

28 0 

56.0 

0 

4.0 

12.0 

0 

Control. 

Water 

17 

18.0 

36.0 

2 

30.0 

14.0 

0 

Experimental. 

With heads 

17 

14.0 

28 0 

2 

38.0 

16.0 

2 

Control. 

Water 

17 

20 0 

36.0 

0 

26.0 

14.0 

4 

Experimental. 

With heads 

17 

32.0 

28.0 

2 

24.0 

14.0 

0 

Control. 

Water 

18 

50.0 1 

32.0 

2 ! 

14.0 

2.0 

0 

Experimental. 

With heads 

18 

24.0 

40.0 

0 

20 0 

16.0 

0 


TABLE 5 


Head FREQUENCY AMONG REGENERATING PIECES OF E. dorotocephala WHEN SEPARATED 
FROM PLAN ARLAN HEADS BY GLASS AND QUARTZ WALLS J MM. THICK 

(In per cent) 


Lot 


Glass (75). 
Quarts ( 75 ) 

Glass. 

Quarts_ 



i 

Normal 

Teratoph- 

thalmic 

Terato- 

morphic 

Anophthaimic 

Headless 

Dead 

,. 

f 

30.6 

5 3 

36.6 

20 

1-3 


I I 

36.6 

2.6 

33-3 

l6 

6.6 

,. 


34-0 


20.0 

32 

0.0 


mm 

30.0 

■9 

18.0 

38 

0.0 
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ranged in an identical setup, except that the inner beaker containing the regenerates was 
made of quartz. The water in all beakers was changed daily. 

The experiment was modified as follows: 50 heads were placed in a beaker containing 
200 cc. of water and freshly cut heads added. Fifty other pieces were placed in a small 
quartz beaker containing 100 cc. of water which was then set in a larger beaker contain¬ 
ing 100 cc. of water and a like number of heads, 150-300. The results of two of these 
experiments are given in Table 5. They show no significant differences between the 
various lots of regenerates. The conclusion is reached that, while head frequency may 
be increased by adding heads to water containing regenerating pieces, separating the 
heads and the regenerates by glass or quartz £ mm. thick prevents the effect of the heads 
on regeneration. 


DISCUSSION 

It is shown by the data that tissue extracts, including perhaps products of autolysis, 
and excretory products of living planarian tissue when applied under suitable conditions 
cause a given lot of planarian pieces to regenerate a higher percentage of heads or head¬ 
like anterior ends than do control lots not so treated. Similar increases in head fre¬ 
quency have been recorded after treatment with cyanides, anesthetics, alkaloids, acids, 
bases, low oxygen tension, low temperature, conditioned water, and mechanical stimula¬ 
tion (Child, 1911,1912,1916,1920; Buchanan, 1922,1923; Hinrichs, 1924; Behre, 1918; 
Rustia, 1925; Rulon, 1936, 1937). 

It can hardly be supposed that this extensive group of agents and conditions act upon 
the pieces in a specific way or confer head-forming properties on cells that otherwise lack 
such powers. In the first place, the effective agents represent such a wide range of 
physical and chemical properties that the possibility that all contain a single component 
which causes heads to develop is precluded. In the second place, it has been shown for 
most of these agents that they may affect head frequency in either direction, depending 
on concentration or duration of treatment. One is therefore forced to the conclusion that 
in inducing head regeneration all these agents act upon some system or condition in¬ 
herent in the piece, altering such system quantitatively rather than qualitatively. 

An interpretation which fits the facts was advanced many years ago. According to 
Child (1911, and other papers, including Child and Watanabe, 1935), whether or not a 
new head is regenerated in a piece of E. dorotocephala depends upon the relative intensi¬ 
ties of the metabolic processes, or certain of them, of two regions of the isolated piece, X 
and Y in Figure 1. If the activity of the X cells is high in relation to that of the Y region, 
a new head forms. If the activity of the Y region is high in relation to that of the head- 
forming X cells, the head-regenerating properties of the X cells are more or less in¬ 
hibited and the new anterior end falls within the categories of more or less complete 
heads described above and figured in numerous papers by Child, and also by the writer 
and others. 

The importance of the inhibitory action of the Y region has recently been emphasized 
by Child (Child and Watanabe, 1935). It was shown that the sectioning of the nerve 
cords is an effective factor in determining the inhibitory activity of the Y region. But 
inhibition of head formation by the X cells cannot wholly be ascribed to the stimulation 
of the nerve cords by section, for it has been shown by the writer (Buchanan, 1922,1923) 
that those narcotics which act primarily upon nervous tissue are highly effective in in¬ 
creasing head frequency when applied to certain pieces immediately after section, but 
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are quite ineffective when applied 48 hours later. On the other hand, general proto¬ 
plasmic depressants such as KCN are quite effective in increasing head frequency when 
applied at either time. 

Proofs of the parallelism between physiological activity of the X and Y regions of the 
piece and the production of new heads have been established by studies of carbon dioxide 
output, of oxygen consumption, and of susceptibility to toxic agents (Child, 1914; 
Robbins and Child, 1920; Hyman, 1919; Buchanan, 1922,1923). Ithasbeen shown that 
depressants such as the common anesthetics inhibit the metabolic activity of both the 
X and the Y regions (Buchanan, 1922). If the X cells are more profoundly affected than 
the r region, then head regeneration is inhibited, as shown by the fact that the head 
frequency of a given lot of pieces so treated is less than that of a control lot. If the meta¬ 
bolic activity of the Y region is more inhibited than that of the X cells, a situation is 
created which makes for increased independence of the X cells. Under such conditions 
in a given lot of pieces the head frequency is greater than in control lots. 

The most probable interpretation of the effects on head regeneration of extracts of 
planarian tissue and of exudates from the intact animal is that such substances are de¬ 
pressants and that their effects on head determination are not different in principle from 
those of other depressants. 

Not much is known concerning the nature of the products of planarian metabolism 
or of the contents of macerated and autolyzed planarian tissue. Child (1930) showed 
that E. dorotocephala conditions a hypotonic medium, for 10 animals do not disintegrate 
as rapidly in 125 cc. of distilled water as do 10 like animals in 250 cc. This was confirmed 
by the writer (Buchanan, 1930), who suggested that the exudates must form osmotically 
active substances after excretion. But Allee (1933) failed to confirm this suggestion, for 
he found that water conditioned by E. dorotocephala has a slightly lower osmotic pres¬ 
sure than control water taken from the same well. Oesting and Allee (1935) showed that 
E. novangliae excretes minute quantities of calcium into a hypotonic water, and the 
writer (1933) found that extremely low concentrations of calcium protect the organism 
against cytolysis by hypotonic agents. But it is extremely doubtful if such minute 
quantities of calcium induce the states of depression necessary to cause changes in head 
frequency or that it accounts for the effects shown here. Hyman (1932) showed that the 
exudates of living planarians do not combine with iodin to any marked extent, but this 
fact gives little intimation of their physiological effects. 

Changes in the water in which Euplanaria are living include an increase in carbon 
dioxide content and a decrease in dissolved oxygen. It was shown by Rulon (1936) that 
carbon dioxide in suitable concentrations increases the head frequency of regenerating 
pieces. The depressive effect of insufficient oxygen upon metabolism is too well known to 
merit comment. Thus either of these two conditions may be called upon to account for 
the head-frequency increases observed in lots that had been crowded or were in small 
quantities of water. The fact that plugging the glass capsules caused death after 24 
hours is further evidence of the injurious action of interference with gas exchange. But 
in the case of experiments with filtrates of mashed heads, some other substances must 
be responsible. 

The results reported and reviewed here do not admit of interpretations based upon the 
specific action of some inductive or organizing substance. This is of considerable im¬ 
portance, for the work of Holtfreter (1933), Waddington, Needham, and Needham 
(1933)j Waddington (1933), Fisher et al. (1935), and others on the nature of induction in 
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vertebrate embryos has encouraged the view that organizers exercise control over the 
development of adjacent tissues by means of specific substances secreted by or diffusing 
from the controlling elements. According to Holtfreter (1933) the amphibian organizer 
retains its potency as an inducing agent after a variety of severe treatments, including 
heating up to 120°. Tissues which show no inducing capacity while living acquire the 
property when boiled. Fisher and his co-workers (1935) conclude from their work that 
the effective inducing agent is a nudeo-protein. Apparently the inductive capacity is 
not spedes-specific (Holtfreter, 1933; Waddington, 1933; see the discussion by Brensted, 
1937 )- 

The diversity of treatment accorded the organizer without destroying its effectiveness, 
the range of tissues and of tissue extracts that are effective, and numerous other facts 
call the concept of organizer specificity into question. When the evidence is considered 
together with the evidence from regeneration and transplantation studies in inverte¬ 
brates, the facts suggest that the embryo and the regenerate are activable systems which 
may be influenced quantitatively by a wide variety of agents. At least such conditions 
appear to be responsible for the experimental alteration of the developmental fate of 
the X cells in regenerating pieces of E. dorotocephala , as shown by the evidence in the 
present com m u n ication and in other papers on experimental alteration of head fre¬ 
quency by Child and his students. 


Water extracts of freshly cut planarian heads induce increases in the number of heads 
regenerated by isolated cross-pieces of E. dorotocephala when such extracts are applied 
for periods less than 24 horns immediately after the sections have been cut. 

Head extracts when introduced into the intact animal in a posterior region, or when 
applied to animals injured in a posterior region, do not induce head formation at the site 
of injury. 

If living heads or posterior ends are included with regenerating pieces in small vol¬ 
umes of water, 0.2 cc., for less than twenty-four hours after cutting, the regenerates show 
the effects of crowding. In some cases head frequency is increased and in others it is 
decreased by such treatments. 

If the crowding is less intense but continues throughout the regeneration period there 
is a tendency for head frequency to increase. 

Evidence of an effect on head frequency of living planarian heads separated from 
the regenerates by glass or quartz walls was entirely negative. 

These results when considered together with the fact that many other agents and 
conditions alter head frequency, e.g., low temperature, organic and inorganic acids, 
bases, anesthetics, and alkaloids, support the conclusion that whether or not a head 
regenerates in a piece of E. dorotocephala depends upon quantitative physiological condi¬ 
tions within the piece; specific action of particular agents cannot be called upon to 
explain the experimental results. 
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THE MICROSCOPIC ANATOMY OF TWINS AND DOUBLE 
MONSTERS OF FUNDULUS HETEROCLITUS 


MARIE A. HINRICHS 
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Carbondale, Illin ois 

I N A previous series of experimental studies on the modification of development of 
Futuiulus heteroclitus by means of ultraviolet radiation, it was possible to produce 
a considerable number of embryos showing varying degrees of axial duplication 
(Hinrichs and Genther, 1931). 1 

METHODS 

The experimental procedure may be briefly reviewed as follows: fertilized eggs of 
F. heteroclitus were exposed in a shallow layer of sea water for a period of 1 minute, at 
intervals varying from 5 to 116 minutes after fertilization, to the action of unscreened 
radiation from a Cooper-Hewitt quartz-mercury-vapor arc, at a distance of 11.5 cm. 
from the center of the arc. The period most favorable for twin production seemed to be 
within the 30 minutes just before the appearance of the first cleavage furrow. 

For descriptions and sketches of the types found among the 179 experimentally pro¬ 
duced twins and double monsters the reader is referred to our earlier report (Hinrichs 
and Genther, 1931). 

It became evident from a study of the gross specimens that it was not always possible 
to estimate the degree of duplication of organs or parts thereof. Accordingly, the ma¬ 
terial was sectioned serially for microscopic study. 

DATA 

Eighty-two sectioned specimens were studied, all of which showed some degree of 
axial duplication, varying from a complete permanent separation of axes, with subse¬ 
quent independent devdopment thereof, to somewhat irregular forms with bodies wider 
than normal, but with little or no obvious external indication of duplication. 

Those twins or double monsters which resulted from exposures made as early as from 
10 to 15 minutes after fertilization most frequently showed a pronounced effect in the 
brain region, where there seemed to be a cellular overgrowth with little organization. 
(Such malformed brains have also been produced in chick embryos [Hinrichs, 1927].) 
In such embryos the eyes were poorly developed also, sometimes amounting only to a 
concentration of pigment in the areas where eyes should normally appear. More pos¬ 
teriorly, such a nervous system may become more normal in outline, yet show definite 
duplication of the neural canal, usually a ventral bifurcation. Others, while obviously 
greatly irregular in structure—some appearing almost solid with convolutions and 
masses of rapidly proliferating cells—could still be found to have two distinct divisions 
each with its own distorted canal—in many instances the mirror image of its mate. Still 

1 These studies covered a period of four summers at Woods Hole, Mass., and were completed in 1930. 
The material thus obtained was prepared for microscopic study by Dr. Ida Genther under a grant hum 
the Radiation Fund of the National Research Council. 
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others appeared wider than normal and were found to have an appended mass of brain 
tissue more or less irregular in outline and structure, which when followed posteriorly 
seemed to become part of a partially double neural tube. In such instance, when the 
duplication appeared ventrally, there also appeared below each half of the cord a com¬ 
plete notochord which was more or less vacuolated and usually wider than a single 
normal notochord. 

, Usually the heart and gut and its derivatives were normal in their arrangement, as 
were other organs. In some instances, however, where the ventral duplication of the 
neural tube was marked and the notochords parallel, the latter were separated by a mass 
of muscle tissue which lay just ventral to the neural tube. Such embryos showed a mid¬ 
line depression on the surface. 

Embryos of this type have been traced and sketched at intervals throughout develop¬ 
ment, beginning with the first appearance of any axial delimitation, at which time two 
parallel equipotential axes could be demonstrated very dose to each other. 

Another interesting type of twin was formed as a result of the simultaneous develop¬ 
ment of two equipotential normal antipodean axes. Members of such pairs remained dis¬ 
tinct from each other throughout, and on microscopic study showed complete mirror¬ 
imaging of organs. 

Where the angle between the axes of the developing embryos became less than 180 0 , 
the chances for remaining separate entities became less the nearer these axes approached 
each other on the germ ring, and the chances for subsequent fusion appeared greater. 
One embryo usually gained advantage over the other, and as development continued the 
smaller component became differentially more modified. In other words, in this series 
there was a gradation of inhibitions of the smaller components including embryos differ¬ 
entially inhibited in the midline, so that eyes appeared closer together than normally, 
or even fused. Sometimes the inhibiting action was great enough to cause the brain to 
appear irregular and little organized, with an apparent cellular overgrowth, eyes reduced 
to mere pigment spots, and sooner or later the component fused with the larger more 
normal component. This is the true “autosite-parasite” type of double monster. In 
some of these embryos there seemed to be an abnormally large amount of gut tissue. 

In some instances the only obvious duplication appearing externally was a large optic 
cup with double lenses on one side. Microscopically, such embryos showed a malformed 
brain and posteriorly a duplication of the neural canal, especially in the ventral region. 
Sometimes such a duplication extended only partway posteriorly, while the rest of the 
embryo seemed normal, microscopically as well as grossly. 

DISCUSSION 

From a study of the microscopic examination of serial sections of experimentally pro¬ 
duced twins and double monsters, it appears that the means employed in this experi¬ 
ment—namely, ultra-violet radiation—is particularly suited because there is no subse¬ 
quent dilution factor to be reckoned with as is the case in experiments with chemicals, 
and the latent effect seems relatively short. Therefore it is possible to interrupt the 
course of normal development at a given period for only a relatively short interval, and 
in this way produce a developmental modification of those embiyonic parts which at the 
time are most susceptible to change. Such a period of differential susceptibility has been 
found immediately to precede the subsequent development of an organ. This suggests 
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an explanation for a condition as described above, in which development is interfered 
with only in the parts of the embryo developing early, when exposure to radiation is 
made within the first 15 minutes after fertilization. 

The optimum time for interfering with normal axial development seems to come 
shortly before the two-cell stage in embryonic cell division. 

SUMMARY 

A microscopic study of serial sections of artificially produced twins and double mon¬ 
sters of F. hderodUus presents new evidence for the following: 

1. Completely separated twins and partially fused double monsters which develop 
equipotentially show a definite mirror image of organs. This seems to be true whether or 
not the embryos are normal in size and development, and also whether they lie 180° 
apart on the germ ring or dose to each other and parallel, with partial fusion. 

2. When one embryo develops more rapidly than another with which it is anatomical¬ 
ly joined, it appears to do so at the expense of the smaller embryo. The latter shows a 
differential inhibition of developing organs. In all such cases there is a definite union, 
sometimes slight, of the two embryos by means of the nervous system. Also the two 
axes must be potentially different at the outset. 

3. There may be some degree of duplication present—e.g., in the central nervous 
system—which can be detected only microscopically, 

4. Duplication may be present in some parts of the developing embryo and be absent 
in others, e.g., the heart and gut may be single while parts of the nervous, muscular, and 
skeletal systems show evidence of duplication. 

By this study added evidence is presented: 

5. Ultra-violet radiation is an effective means of modifying embryonic development. 

6. The effects produced are differential in character, i.e., those parts of the embryo 
which at the time of exposure are physiologically the most active, are the ones to be 
modified in development. 
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THE INFLUENCE OF THYROXIN ON EYE FORMATION IN 
PHAGOCATA GRACILIS (HALDEMAN) 

(Sh figures) 
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T HE study of the endocrine glands and the physiological effects of their secretions 
has claimed the attention of investigators for a number of years. The literature 
in the field of vertebrate endocrinology is voluminous. Moreover, there is grad¬ 
ually accumulating data relating to the effect of vertebrate endocrine secretions on the 
invertebrates. At present this literature reveals many diverse and apparently contra¬ 
dictory' conclusions. Nowikoff (1908) reported an acceleration of the division rate of 
Paramecium when thyroid substance was added to cultures of these animals. A similar 
effect was reported for Paramecium by Budington and Harvey (19x5). Shumway (1917) 
reported that thyroid substance increased the division rate of Paramecium aurdia or 
P. caudatum almost to 65 per cent. Abderhalden and Schiffmann (1922) also reported 
an increase in division rate of Paramecium as a result of thyroid extract. Cori (1923) 
found that thyroxin powder (Parke, Davis & Co.) in alkaline solution accelerated the 
division rate of P. putrinum, but that thyroxin produced no effect. Burge and Estes 
(1925) found that insulin added to cultures increased sugar metabolism in Paramecium, 
but that thyroxin had no effect. Large amounts of thyroxin apparently were toxic. 
Woodruff and Swingle (1922), as a result of their studies, concluded that “all evidence 
from studies on Paramecium to the effect that thyroid products accelerate cell nnahnliarp 
is erroneous." Torrey (1923) and Torrey, Riddle, and Brodie (1924) reported that 
thyroxin depresses the division rate of Paramecium. However, the latter authors report 
an increase in metabolism as measured by the increase in rate of contraction of the con¬ 
tractile vacuoles. 

Some experimental work is reported on the effect of endocrines on arthropods. BanU 
(1912) found that Asdlus communis regenerated missing structures twice as fast in an 
extract of the hypophysis. Lecithin and glycogen also hasten regeneration in a measure. 
Kunkel (19x8) fed the larvae of Lucilia on mammalian thyroid and found a slight re¬ 
tardation of growth of the larvae, and consequently the size of the resulting pupae was 
smaller. However, anima l s fed on thyroid tend to pupate more rapidly and have shorter 
periods of pupation. Romeis and von Dobkiewicz (1921) found that CaUiphora larvae 
fed on thyroid develop more slowly than the control anixnals,- and that there was little 
or no morphological difference between the thyroid-fed animals and the control. Rahn 
(1921) could find no change in time of metamorphosis of the larvae of Cordkra, Ecdyurus, 
and Tenebrio when fed on desiccated thyroid. Von Herwerden (1923) found a decrease in 
time of onset of sexual maturity of Daplmia pulex when fed on desiccated adrenal cortex. 
Extract from glands of pregnant animals seemed most effective. Terao and Wakamori 
(1924) reported that thyroid material increased the number of eggs laid by the second 
generation of silkworms. Kopdc (1926) found little or no effect induced by the adminis¬ 
tration of thyroid material to the caterpillar of Lymaniria, except a diminution in weight. 
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Ashbel (1935) reported an increase in the respiration of invertebrate tissue when treated 
with thyroid extract. This increase ranges from 23 per cent in the fresh tissue to an in¬ 
crease of 300 per cent in the desiccated tissue. Synthetic thyroxin, however, had no 
effect on oxygen consumption. Wulzen (1916) found that planarians fed on pituitary 
gland showed an increase in fission rate. He also reported that the thyroid has a positive 
influence on the rate of division and growth of Planaria maculata . 

There is a wide divergence of opinion among investigators as to the role of metabolic 
rates in amphibian metamorphosis. There has existed a widespread general assumption 
that metamorphosis was accompanied by a rise in metabolism (Jahrisch, 1920; Uhlen- 
huth, 1921; Huxley, 1925; Schulze, 1930, and others). In fact, a rise in metabolism with 
accompanying metamorphosis has been reported by the investigators mentioned above. 
However, Elkin (1934)) from his experiments and after a critical review of the literature, 
concludes that “there is no reason at present for ascribing any causative significance in 
metamorphosis to the supposed metabolism-accelerating influence of the thyroid.” 

Opinion seems to be divided, however, whether in experimental metamorphosis an 
agent, such as thyroxin is responsible for an increase in metabolism, or whether meta¬ 
morphosis itself brings about the increase. Nevertheless, irrespective of the metabolic 
relations resulting from the treatment of the amphibia with the thyroid extracts or 
crystalline thyroxin, it has been definitely shown that these substances do hasten 
amphibian metamorphosis. 

This paper presents the results of a series of experiments which show the effect of 
solutions of thyroxin upon an invertebrate, the common fresh-water flatworm, Phagocata 
gracilis (Haldeman). These experiments are intended to be merely preliminary and to 
serve as an introduction to other experiments which are now in progress or planned to 
be carried out in this laboratory in the future. 

PROBLEM 

It has long been known by various investigators that the turbellaiians have remark¬ 
able powers of regeneration. Child and others have compiled a wealth of experimental 
data with respect to regeneration in Euplanaria dorotocephala. The metabolic relations 
existing in or induced by various agents in cut pieces of E. dorotocephala and their 
effect on regeneration have been further investigated and discussed by Buchanan (192 2, 
1923). It has been shown that the frequency of head formation in E. dorotocephala is 
dependent upon both the level at which the sections are made and the length of the 
sections. Further, it has been found that when a section is cut from the animal certain 
changes in the rate of the metabolic activity of the cut pieces occur. Various reasons 
are assigned for this increased rate of metabolic activity. It has been shown that cells 
near the cut surface are stimulated by the act of section. This must be regarded in part 
as due to wound stimulation. It has been shown also that not only are the cells of the 
cut surface stimulated by the act of section, but the entire piece is thus affected. This 
stimulation is usually temporary, subsiding in less than forty-eight hours. It is neces¬ 
sary to emphasize here that not only does wound stimulation affect these cells, but all 
the cells in the piece are isolated and freed from the dominance of the more anterior 
regions. Isolation of parts or groups of cells in many organisms brings about rapid 
differentiation and the initiation of a new organism. It is generally agreed that these 
processes involve a change in the rate of matabolism. 

Experimental evidence has shown that in a piece of an organism undergoing recon- 
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stitution there often prevails a high rate of metabolism. Weimer, in unpublished re¬ 
search, has found that reconstitution can be retarded in Pelmatohydra oligactis Pallas 
(Schulze) by lowering the metabolic rate by use of low temperatures. 

It was with these considerations in mind that the following preliminary experiments 
were designed. It was deemed advisable and more accurate to base all observations on 
the rate of reconstitution of some specific structure rather than on a semigeneralized 
structure such as the entire anterior end of an animal. For ease and accuracy of observa¬ 
tion all data in the following experiments relate to the rate of eye formation. 


METHOD 


The animals used in these experiments were procured from springs and streams near 
Bethany. These stock animals were kept in the laboratory in water obtained from the 



streams in which they were collected. During 

O this period they were not fed. After three days 
the largest animals of as nearly the same size 
as possible were selected from this stock. 
They were placed in culture water in the 
2 bottom of inverted finger bowls, and sectioned 

in the following manner: 

First, the head region just back of the eyes 
was cut off and discarded. The main body 

0 region of each animal was then sectioned into 
three equal parts or levels exclusive of the 
most posterior body region which was dis¬ 
carded. Thus, each piece had two cut surfaces 
(see Figs. 1-3). The most anterior piece was 
designated as A, the middle piece as J 3 , and 
3 the posterior piece as C. 


Figs. 1-3. — (1) Sketch of entire animal 
showing the method of cutting and the desig¬ 
nation of levels; (2) appearance of typical cut 
section; (3) appearance of regenerated piece 
10 to 12 days after sectioning. 


The A , B, C regions were placed, as soon as 
cut, in separate finger bowls containing the 
desired solutions. Usually ten or fifteen ani¬ 
mals were used for each series in the experi¬ 
mental solution, and the same number of ani¬ 


mals as used in the experimental series was placed in culture water to serve as controls. 

The thyroxin solution was made up as follows: 10 mg. of thyroxin (E. R. Squibb & 
Son) was placed in 1,000 cc. of water taken directly from the water in which the stock 
animal was living. This solution was shaken and stirred at various intervals. According 
to Kendall (1929), thyroxin is only slightly soluble in water. At no time have we at¬ 
tempted to analyze the amount of thyroxin present in the solution. After sectioning, 
the finger bowls containing the control animals and the animals in thyroxin solution 
were placed on a water table with a temperature of approximately 24 0 C. The animals 
were not in direct light. 

After a lapse of 10 days, observations were made as to the number of pieces with eyes 
and the number dead. Observations were made on alternate days until all the animals 
in the thyroxin solution had developed eyes. In the tabulation of the data it seemed more 
convenient from the standpoint of comparison to show the results of the observations by 
percentages rather than by number. 
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Each time the experiment was repeated, fresh animals, fresh solutions, and the same 
methods were used. The results of these experiments are summarized in Tables x, 2, and 
3 and in Graphs 1, 2, and 3. 

RESULTS 

Before discussing the data summarized in the tables, attention is called to the fact 
that a somewhat s imil a r series of experiments had been made in this laboratory twelve 
years ago by E. Morton Miller and Irving Tittler. These experiments were of an ex¬ 
ploratory nature and were not run in sufficient numbers and with the same uniform 


TABLE 1 

Rate of eye formation in pieces from A level 






Percentage of 

Observation 

No Animals 

Thyroxin 

Control 

Increase of 
Thyroxin as ts 
Control 

1 (10th day) 

SO 

/ 22—eyes 

I44 per cent 

15—eyes 1 

30 per cent/ 

14 

2 (12 th day) 

SO 

/35—eyes 
\7o per cent 

23—eyes \ 

46 per cent/ 

24 

3 (14th day) 

So 

(36— eyes 
\72 percent 

29—eyes 1 

58 per cent/ 

14 

4 (16 th day) 

So 

[42—eyes 
\84 per cent 

38—eyes \ 

76 percent/ 

8 

5 (18th day) 

SO 

{45—eyes 
\go per cent 

42—eyes \ 

84 per cent/ 

6 

6 (20th day) 

So 

{50—eyes 
\ 100 per cent 

48—eyes ] 

96 per cent/ 

4 

7 (23d day) 

So 

l 

49—eyes \ 

98 per cent/ 

2 


technique throughout as that used in the present experiments. However, the results of 
those experiments agreed essentially with the data presented here. 

The study of Table x which summarizes the data for the series of experiments on the 
A sections shows that the greatest increase in eye formation of the pieces in thyroxin 
solution as compared to the controls is found on the tenth, twelfth, and fourteenth day 
after sectioning. These results are also shown in Graph 1. After that time both the con¬ 
trol pieces and the pieces in the thyroxin solution regenerate at about the same rate, 
although the pieces in thyroxin solution show a differential of 4-8 per cent over the con¬ 
trols. 

A study of the data summarized in Table 2 and shown in Graph 2 for the B pieces, 
shows practically the same results as for the A pieces except that the pieces in the thy¬ 
roxin solution show a relative increase in percentage over the control in the later part 
of the experiment. 

The data for C level, summarized in Table 3 and depicted in Graph 3, show that there 
Vox., XI, No. a, April, 1938] 
















io i 2 w « 10 » a 


Graph i. —Graph showing the difference in rate of eye formation between pieces from the A level in 
thyroxin solution and those in ordinary water. The ordinates represent the rate of eye formation ex¬ 
pressed in percentage and the abscissas represent the time interval in days after sectioning when observa¬ 
tions were made. The solid line-shows the percentage of eye frequency in pieces in thyroxin solu¬ 
tion, and the broken line.shows the frequency of eye formation in pieces in culture water (con¬ 

trol). 

TABLE 2 






















Graph 2 . —Graph showing the difference in rate of eye formation between pieces from the B level in 
thyroxin solution and those in ordinary water. The ordinates represent the rate of eye formation ex¬ 
pressed in percentage and the abscissas represent the time interval in days after sectioning when observa¬ 
tions were made. The solid line-shows the percentage of eye frequency in pieces in thyroxin solution, 

and the broken line-shows the frequency of eye formation in pieces in culture water (control). 


TABLE 3 

RATE OF EYE FORMATION IN PIECES FROM C LEVEL 


Observation 

No. Animals 

Thyroxin 

Control 

Percentage of 
Increase of 
Thyroxin over 
Control 

1 (10th day). 

50 

f 3—eyes 

. \ 

6 


\ 6 per cent 

) 


2 (12th day). 

So 

(14—eyes 
\aS per cent 

8—eyes 1 

16 per cent/ 

12 


>“N 

H 

? 

| 

SO 

f 21—eyes 

V42 per cent 

12—eyes 1 

24 per cent/ 

18 


4 (16th day). 

SO 

[29—eyes 
\5§ per cent 

23—eyes \ 

46 per cent/ 

12 


5 (18th day). 

SO 

1 

[36—eyes 
(72 per cent 

26—eyes \ 

52 per cent/ 

20 


6 (20th day). 

SO 

I43—eyes 
\86 per cent 

36—eyes 1 

72 per cent/ 

12 



7 (23d day). 

SO 

{48—eyes 

I96 per cent 

39—eyes \ 

78 per cent/ 

18 
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is a percentage increase of the pieces in thyroxin as compared to those of the control. 
We also find, however, that conditions differ somewhat in this level from the behavior 
shown for the pieces at the A and B levels. Thus, the pieces of the C level begin to show 
the greatest percentage differences about the sixteenth day after sectioning. This differ¬ 
ence between experimental pieces and controls continues throughout the experiment. 
The fact that the pieces from the anterior levels regenerate more rapidly than the pieces 
from the C level, in both thyroxin and controls, is in accordance with most observations 



Graph 3. —Graph showing the difference in rate of eye formation between pieces fiom the C level 
in thyroxin solution and those in ordinary water. The ordinates represent the rate of eye formation 
expressed in percentage and the abscissas represent the time interval in days after sectioning when ob¬ 
servations were made. The solid line-shows the percentage of eye frequency in pieces in thyroxin 

solution, and the broken line-shows the frequency of eye formation in pieces in culture water 

(control), 

with respect to regeneration in all Planaria, namely, that the rate of regeneration is 
slower the more posterior the piece. Some exceptions to this rule are noticed in those 
Planaria which have a subordinate zooid present which eventually separates by fission. 
However, in P. gracilis there is no evidence at present to indicate the existence of a 
second zooid. Further, if a second zooid were present in the C level, one would expect 
an increase in rate of regeneration for these pieces over that shown in B. 

The summary of the total data just presented for all the series is generally true of the 
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various individual experimental series which were run. There were some slight differ¬ 
ences between the percentages of the series, but these might be ascribed to such factors 
as slight differences in the concentration of the thyroxin solutions; fluctuations in 
temperature; physiological differences of the animals; and other factors. The differences, 
however, are so slight that the results for the individual series coincide remarkably with 
those that are summarized in the tables for the total series. 

DISCUSSION 

The results of the data just presented show quite clearly that pieces of animals placed 
in a solution of crystalline thyroxin in water will regenerate and reconstitute more rapid¬ 
ly than pieces of animals kept in culture water under the same conditions. A large 
amount of work done by various investigators indicates quite clearly that thyroxin does 
increase the rate of metamorphosis in certain vertebrates. Also it has been shown that 
the rate of metamorphosis in amphibians can be increased by various other compounds, 
particularly iodin compounds (see summary in Kendall, 1929). 

Opinion seems to differ as to the reaction of thyroxin and the iodin compounds as af¬ 
fecting metamorphosis. One view holds that metamorphosis is due to a change in the 
rate of metabolism of the tissues. Swingle, Helff, and Zwemer (1924) concluded that the 
increase in metabolism and the hastened onset of amphibian metamorphosis were due to 
the chemical reactions induced by the thyroxin molecule. Garisch concluded that 
thyroid brought about its effect through its influence on metabolism. Helff (1926) has 
found a progressive increase in oxygen consumption for metamorphosing larvae of 
R. pipiens. Kendall (1929), in summarizing a number of other experiments, reports as 
follows: 

From the results which have been obtained, it cannot be assumed that the metamorphosis 
is due primarily to a change in the basal metabolism. Neither is it dearly shown that there is an 
increase in the basal metabolic rate in all forms of amphibia after metamorphosis. 

Kendall (1929) further suggests that the influence of thyroxin on the rate of meta¬ 
morphosis is not due directly to its influence on the rate of energy production. 

So far as these experiments are concerned, no attempt has been made to determine 
whether or not there was an increase in the rate of metabolism. In a letter Hyman sug¬ 
gested that thyroxin here may act as a depressant, which permits the regenerating part 
to become independent and the regenerating process to proceed more rapidly. The fact 
that thyroxin was apparently more effective on the C pieces would seem to be a con¬ 
firmatory indication that the rate of regeneration is a result of depression rather than 
stimulation. With this in mind we have planned further experiments for the very near 
future. Nor do these experiments exclude the possibility that some slight impurity of 
the thyroxin may be responsible for the change observed in these experiments. One fact 
worthy of consideration is that, so far as eye formation is concerned, both the pieces in 
thyroxin and those in control apparently began this phase of the process of reconstitu¬ 
tion after a lapse of approximately the same number of days. However, the rate at which 
eye formation progresses-^-once this process has begun—is much higher for those pieces 
in thyroxin than for those of the controls. This might suggest that, as in amphibian 
metamorphosis, two processes may be concerned here. Further, the fact must be kept in 
mind that there may be a wide divergence in the physiological process involved in the 
metamorphosis of amphibian larvae and the reconstitution of pieces from a flatworm. 
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SUMMARY 

The anterior head region just back of the eyes and the most posterior region of the 
flatworm P. gracilis (Haldeman) were removed, and the remaining body sections were 
divided in three levels, the most anterior designated as A , the middle as B, and the 
posterior as C. Some of the pieces, segregated according to levels, were placed in culture 
water and others in thyroxin solution. Pieces from the A level in thyroxin solution 
showed an increased rate of eye formation in percentage ranging from 2 to 24 per cent 
(mean value approximately 10 per cent) over those in the control; from the B level, an 
increased rate of 8-28 per cent (mean value approximately 18 per cent) over the control; 
from the C level, an increased rate of 6-20 per cent (mean value approximately 14 per 
cent) over the control. Thyroxin solution apparently accelerates the rate of eye forma¬ 
tion in re-constituting pieces of P. gracilis . 
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THE EFFECT OF DEAD OPTIC VESICLE UPON 
EXPLANTS OF PROSPECTIVE ECTODERM 
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T HE circumstances surrounding the formation of the lens vesicle of the eye from 
the ectoderm under the influence of the underlying optic vesicle suggest that a 
chemical factor is concerned in this classical case of dependent development. 
Lewis (1904) discussed the possible chemical nature of the stimulus arising in the optic 
vesicle and suggested a pertinent approach to the problem: “In the example of the lens 
reaction it seems evident that the living ectodermal cells must be acted upon, but it 
is-not so evident that the living optic vesicle cells are necessary, as it may be possible 
to extract from them substances which will give the lens reaction.” All investigation 
of the properties of the dead optic vesicle, however, was destined to wait upon the dis¬ 
covery and elucidation of the properties of the more spectacular dorsal lip of the 
blastopore. The work on the organizer led to its attempted analysis from the chemical 
viewpoint. Following the announcement in 1932 (Bautzmann, Holtfreter, Spemann, and 
Mangold, 1932) of induction effects obtained from organizers killed in various ways, 
a field more comprehensively covered later by Holtfreter (1933, 1934a), came the 
simultaneous attempts by Spemann, Fischer, and Wehmeier (1933) and by Waddington, 
Needham, and Needham (1933) to isolate the active principle involved in induction from 
dead materials and to determine its chemical nature. The inductive potency of variously 
prepared extracts was successfully demonstrated (reviewed by Weiss, 1935), but the 
conclusion that a particular substance is the inductive principle is at present con¬ 
troversial. 

The work reported in the present paper was originally undertaken in the attempt to 
apply to the lens problem the methods used in the study of the chemical nature of the 
organizer. The problem under consideration was the effect of dead optic vesicle and of 
extracts of dead vesicle upon living presumptive epidermis and upon body ectoderm. 
During the period in which I have been engaged in the problem, Lopashov (1935,1936) 
reported results obtained from a similar approach. He had adopted as a working hy¬ 
pothesis the idea that specific substances are concentrated in the tissue of an organ at 
the time of its origin. These specific substances would consequently be excreted in 
abundance by a dead rudiment and should induce in the ectoderm of a gastrula chiefly 
rudiments like the dead inductor. His experiments consisted of transplanting dead 
optic vesicles from Amblystoma mexicanum and Triton taeniatus into the blastocoel of 
early gastrula stages of T. taeniatus . Explants of dead optic vesicles enveloped in a 
piece of the prospective ectoderm of the same early gastrula stages were also used. 
Transplantations of living optic vesicles at the same stage served as control experiments. 
In both cases from one to seven optic vesicles were transplanted. 
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The dead optic vesicles in both whole embryos and in explants induced rudiments con¬ 
sisting chiefly of eye tissue. A quantitative effect was evident in that one dead optic 
vesicle gave no induction, whereas 2-7 dead vesicles always induced eye rudiments. 
Seven inductions were obtained in explants and seven in whole embryos. The eyes in¬ 
duced in the explants were irregular, having the appearance of hollowed outgrowths 
of retinal tissue. In almost every case they were arranged symmetrically on both sides 
of a small brain. In one explant two small lenses appeared attached to the ectoderm. 
In whole embryos the inductions are said to resemble regular eyes well isolated from 
the brain rudiment. Each eye had induced a lens in the overlying ectoderm. When 7 
dead eye vesicles were transplanted simultaneously, three eyes were induced in the 
explant. Living optic vesicles induced lenses from gastrula ectoderm, but no brain or 
eye rudiments. 

A successful demonstration of the specific effect of a dead inductor would be impor¬ 
tant in its consequences if it could be generally extended, although it would conflict with 
previous experience in a far from thoroughly explored field. A very brief summary may 
serve to orient this aspect of the problem in the general field of amphibian organization. 
In the first place, the cumulative evidence of today indicates that the quality of or¬ 
ganized inductions in host embryos is due to specific influences imposed by living grafts 
on their surroundings. The “head” and “trunk organizers” of Spemann (1931) and 
Hall (1932), the specific effect of different levels of the archenteron roof when trans¬ 
planted into indifferent ectoderm (Mangold, 1933a), and the specificity of the inductions 
brought about by regional fragments of the medullary plate (Mangold, 19336) are cases 
in point. In the characteristic cases of this type of induction there is no question of 
stimulation or activation of latent responses in the host tissue. 

When dead organizers or extracts of dead organizers or other tissues were introduced 
into host embryos, the quality of the organized inductions obtained was not determined 
by the inductor. Weiss (1935) commented: “This consistent lack of specificity in the 
effects of dead organizers is a general observation, apparently one of the very few features 
which the bewildering number of inductors, examined so far, have consistently in com¬ 
mon.” He believed that the organizing principle in these experiments with dead in¬ 
ductors in host embryos was not provided by the “inductor” but by the reacting ecto¬ 
derm, or, in other words, “by activated fields of the host.” The strongest argument for 
this view was the fact that the quality of the inductions corresponded approximately 
to their location in the host germ. The fact that living organizers produced specific 
effects while dead organizers or tissue did not is generally acknowledged; it is in the 
interpretation of this fact, as seen in Weiss's emphasis on the role of the host fields, that 
differences arise. Holtfreter (1934a) attempted to account for the diversity of effects 
by postulating a corresponding variety of inductive substances. 

The relation of the type of induction obtained in isolated fragments of prospective 
ectoderm under the influence of dead inductors (Holtfreter, 1933, 1934; Lopashov, 
1936) to the foregoing two types of induction is at present obscured by conflicting re¬ 
sults. Holtfreter found that in a neutral medium such explants merely proliferate and 
form epidermis. If brought into contact with a dead inductor they differentiate into 
neutral tissue, tubes, and vesicles of neural character, but without organization into 
recognizable parts. Under one condition, when coagulated embryonic chick extract 
was used as inductor, development of chorda and somites was observed, as in Bautz- 
rnamris (1929) experiments with interplantation of ectodermal explants into the eye 
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orbit. Lopashov’s results, as described above, indicated a specific inductive effect upon 
explanted prospective ectoderm. 

The present paper reports results which are interpreted as confirming, on the whole, 
the idea of specific inductive effect on the part of a dead inductor in explanted prospec¬ 
tive ectoderm. The influence of the dead optic vesicle on the differentiation of body 
ectoderm from the neurula stage and on the prospective ectoderm of the early gastrula 
was studied in the embryo of A mblystoma punctatum . 

MATERIAL AND METHODS 

The eggs of A. punctatum were used exclusively in these experiments. All operations 
were done under lie binocular dissecting microscope with the aid of fine steel needles. 
The dead material required was prepared by removing the optic vesicles cleanly from 
early tail-bud stages in which the overlying ectoderm was not yet adherent to the 
vesicle. With a micro-pipette the vesicles were dropped into 95 per cent alcohol and 
later dried by placing the dish at 6o° C. overnight. This procedure produced a firm, 
discrete mass of dead material representing one optic vesicle which could easily be 
picked up as a whole by a needle. Vital staining to identify the dead vesicle was found 
to be unnecessary; the alcohol fixation of the dead vesicle contrasted in the later staining 
of the explant fixed with formalin saturated with mercuric chloride. The sharp outline 
of the dead vesicle in stained sections of the explant made it easily recognizable. 

An extract of dead optic vesicle was prepared as follows: optic vesicles were removed 
from some 25-30 embryos of the usual stage, ground up with anhydrous sodium sulphate 
and placed in a desiccator until dry. This material was extracted with ether for 48 
hours at 30° C. and then filtered. Droplets of oily sediment remained in the filtrate 
after the ether was evaporated off. This was dissolved in 1 cc. of equal parts of acetone 
and ether; a small quantity of warm egg albumin and one drop of nile-blue sulphate 
were added and the mixture coagulated over hot water. Gentle heating was continued 
until no smell of either ether or acetone was detected. Suitably small pieces of this 
coagulum were placed between pieces of body ectoderm. 

The ectoderm used to test the inductive potency of the dead vesicle was taken from 
U-shaped blastopore and yolk-plug stages (Harrison’s Stage 11 and 12, respectively); 
body ectoderm from neurulae was used to test the extract preparations and the dead 
veside. A technique for the maintenance of sterility was followed. In order to provide 
as neutral an environment for the vesicle as possible, free of possible correlative factors 
generated at a distance and spread over the surrounding field where they might com¬ 
plicate the effects induced by the test object, the explantation method described by 
Holtfreter (1931,1933) was adopted and used exclusively in these experiments. A piece 
of presumptive belly epidermis was removed from the embryo and freed of yolk if 
necessary. If a single dead vesicle was to be placed in the explant, this piece of ectoderm 
was cut in two and the veside put on one piece and covered by the other, like the meat 
in a sandwich. If the enveloping ectoderm was left in a single piece and turned like an 
omelette to cover the veside, extrusion of the latter usually occurred. For two or more 
dead vesicles two pieces of ectoderm from two embryos were necessary to cover the dead 
material. Fusion of the edges took place in about an hour, and the explant was then 
transferred to a covered, flat Stender dish, half full of sterile salt solution (Holtfreter, 
1931,1933). The explant rested on a piece of lens paper. 

After seven days of cultivation the explants were killed and stained in toto with 
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alum carmine-picric acid solution. Since the diameter of the average explant was about 

I mm., early staining facilitated its handling through vials of dioxan and paraffin. 

EXPERIMENTAL 

EXPLANTS OF ISOLATED PRESUMPTIVE EPIDERMIS 

Explants of presumptive epidermis alone, which had not been in contact with either 
living or dead optic vesicle, constituted one type of control experiment. A series of 25 
such explants was made of presumptive belly epidermis from early gastrulae and, after 
7 days’ cultivation in the usual sterile salt solution, killed for sectioning. The 16 explants 
sectioned showed only epidermis—no nervous tissue of any kind. The often irregularly 
arranged masses consisted of isodiametric epidermal cells among which many cysts of 
various sizes appeared to indicate secretory activity on the part of the epide rmal cells 
under cultivation (Fig. 4). Similar explants of presumptive epidermis from neurulae 
also yielded typical epidermal balls. Holtfreter (1933) pointed out that when the ecto¬ 
derm fastened itself to the glass bottom of the dish instead of rounding up into a ball, 
as it does when kept away from the bottom, a special case appeared. Then its surface 
was smoother and the cell mass more compact. In either case, however, the end product 
of its differentiation was pure, irregularly arranged epidermis. 

EXPLANTS CONTAINING EXTRACTS OP DEAD VESICLES 

Small masses of coagulated egg albumin which had been impregnated with the ether 
and acetone extract of a quantity of dead optic vesicles were placed in explanted frag¬ 
ments of the body ectoderm of neurulae. The results were uniformly negative; the epi¬ 
dermis showed no signs of a lens reaction. In some explants very extensive cavities 
appeared and the surface epidermis was markedly thickened over a large area. No local¬ 
ized area of proliferation was observed and no trace of induced neural structures. Dead 
optic vesicles in explanted body ectoderm of this stage likewise induced neither a lens 
reaction nor structures of any kind. 

EXPLANTS CONTAINING TWO OR MORE DEAD OPTIC VESICLES 

The effect of increasing the number of dead optic vesicles in each explant was studied 
in explants of prospective ectoderm; a series with two dead vesicles to an explant will 
be considered first. Three explants made with ectoderm from early gastrulae of Stage 

II died within 3 days; but of 12 explants made with ectoderm from yolk-plug stages, 
4 appeared to be alive on the seventh day and were sectioned. One was so disintegrated 
as to be useless; another may have been dead when fixed but its interior was filled with 
neuroid masses. Since neither of the dead optic vesicles was identified, their extrusion 
may have played a part in the survival of the explant. The same picture of necrotic 
conditions was to be seen in the third explant and the same absence of dead optic vesicles, 
but the induced masses were here organized into a thick-walled neural structure sur¬ 
rounding a central canal. The fourth explant contained one of its original two dead 
vesicles in a partially extruded condition and also a large neuroid mass of no discernible 
organization. 

Six dead optic vesicles were placed in each of 2 explants of presumptive epidermis 
from early gastrulae (Stage 11). The enveloping ectoderm had completely disintegrated 
by 48 hours. 
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A series of 8 explants, each of which contained 5 dead optic vesicles, was prepared 
from ectoderm of yolk-plug gastrulae (Stage 12). These explants went to pieces in 5 
da vs; the optic vesicles were often recognizable as compact bodies lying in the cellular 
debris of dead ectoderm. Other vesicles had been extruded from the explants as early 
as the second day. 

The fate of these 25 different explants appeared to warrant the conclusion that the 
early gastrula ectoderm of A. punciatum could not survive close contact with large 
amounts of dead material. The lethal effect of 5 or 6 dead optic vesicles on responsive 
ectoderm was made evident before any inductive effect could be studied. The mortality 
of explants with only 2 dead vesicles was impracticably high, but the inductive effect 
observed in the 3 explants where complete or partial extrusion of the dead material 
had apparently allowed the survival of the piece suggested that 1 dead optic vesicle 
might be tolerated in the explant. 

EXPLANTS CONTAINING ONE DEAD OPTIC VESICLE 

The prospective ectoderm of explants containing 1 dead optic vesicle gave no indica¬ 
tion of being adversely affected by this amount of dead material. It responded to the 
stimulus of the vesicle with some form of neural differentiation in slightly over half 
the total number of surviving explants. The specificity of this response is, however, the 
point in question at the present time, and it may be indicated in advance of detailed 
consideration that of 17 explants showing varying degrees of neural differentiation, only 
3 can be said with any likelihood to have responded with the differentiation of an eye 
rudiment. 

Table 1 summarizes the effects induced by 1 dead optic vesicle in explants made of 
prospective ectoderm from 2 early stages, the U-shaped blastopore and the yolk-plug 
stage (Harrison’s Stages 11 and 12, respectively). In 3 instances the dead vesicle was 
not found within the explant, nor in its vicinity. Presumably it had been extruded soon 
after explantation; the ectoderm differentiated into typical pure epidermis. In 13 ex- 
plants the dead vesicle was identified within the explant and yet the epidermal character 
of the ectoderm was unchanged. The resulting appearance of the explant was that of a 
typical epidermal ball. In 5 of these 13 explants the dead vesicle was partially extruded, 
but the other 8 in w r hich it w^as completely covered by the epidermal envelope were the 
same in appearance. Moreover, neural differentiation was observed in other explants 
where partial extrusion had occurred. Actual contact between the ectoderm and the 
dead material was apparently not a factor in induction; in many explants the dead 
vesicle was surrounded on all sides by masses of cells in the closest contact, while in 
others it lay within a considerable cavity. 

In all the remaining explants the dead optic vesicle was identified within the explant 
and some degree of neural differentiation had resulted. In 5 cases the neural character 
of the differentiation was evident, but the degree of organization was so slight that the 
resulting areas could only be called neuroid in character. The change in the nuclei of 
the cells was particularly marked and an elongation of cell and nucleus was distinct. 
Tightly packed groups and masses of cells showed indistinct radial arrangement in con¬ 
trast to the haphazard scattering of cells in other regions of the explant. Sharply de¬ 
fined crevices appeared bordered by orderly rows of elongated cells, but recognizable 
neural formations were lacking. 

In 9 explants the evident neural character of the differentiation was largely confined 
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to formation with sharply defined boundaries. The structures formed were bizarre and 
incomplete, as, for example, two well-formed neural tubes which fused into a large 
neural mass with no central cavity. In general, the amount of tissue involved was 
small compared with the size of the explant as a whole, but in one case a mass of fused 
neural tubes almost filled the interior of the explant, while at the other extreme of size 
was a small neural tube which lay in a large cavity at one end of the explant. In all 
cases the induced structures were neural in character, either short neural tubes, ir¬ 
regular plates and folds, or unrecognizable brain masses. Organization in the sense of 
an orderly arrangement of parts was lacking. Nothing of mesodermal or entodermal 
origin was seen; no structure resembling notochord, gut, or somites was observed. 

TABLE 1 


The condition of explants with i dead optic vesicle after 

7 DAYS’ CULTIVATION, AS SEEN IN SECTION 



Stage ix 

Stage is 

Dead optic vesicle wholly extruded; epidermal 
ball with no indication of neural differentia¬ 
tion. 

I 

3 

Dead optic vesicle identified in explant; epi¬ 
dermal ball with no indication of neural 
differentiation. 

6 

7 

Dead optic vesicle identified in explant; differ¬ 
entiation consists of neuroid masses. 

4 

I 

Dead optic vesicle identified in explant; differ¬ 
entiation consists of neural tubes and/or parts 
of brain. 

8 

I 

Dead optic vesicle identified in explant; differ¬ 
entiation consists of brain masses and optic 
rudiments. 

0 

3 

Explants lost in transfer or dead by seven days 

3 

5 

Total. 

22 

19 


Three explants, which, in the sense of representing definitely neural rudiments, might 
be included among the foregoing class are dealt with separately because they presented 
one feature either missing or extremely obscure in the other explants. This feature was 
a structure connected with a brain mass which resembled an optic vesicle in general 
configuration and cellular arrangement. 

Explant 112 presents the best example. The induced neural masses lie within a large 
cavity bounded on three sides by a thin layer of epidermis (Fig. 3). The dead optic 
vesicle lies at the opposite end of the explant, a considerable distance from the induced 
mas s and does not appear in the section shown. Figure 1 represents an attempt to show 
graphically the aspect of the entire induced mass in 3 dimensions. Each figure represents 
roughly one-half the whole mass, although a section slightly larger than the usual interval 
of 32 n is unrepresented in the middle of the mass and is responsible for the difference in 
profiles. The stippled area represents the extent of the hollow interior at the level of 
the last section in each half. The large round mass of closely packed cells at no time 
possessed a cavity and shows no connection with the larger mass with which it is in 
contact at some levels. The structure resembling the optic cup appears at one end of 
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the larger mass from which it is separated by a deep constriction. The two cavities 
seen in the photomicrograph are continuous at some levels. Two small round objects 
composed of radially directed wedge-shaped cells resemble early stages of lens vesicles; 
one of them is apparently continuous with the large neural mass. For comparison with 
noninduced brain rudiments grown in e\plant, a secton through a control explant which 
shows a lens in process of formation is included (Fig. 5). This explant consisted of a 
section of the anterior end of one neural fold which had not completely fused with the 
opposite fold, enveloped in late gastrula ectoderm. The brain rudiment was alive when 
explanted and included the rudiments of optic vesicle of that side. The photomicrograph 
(Fig. 5) shows the condition of the rudiment at the end of 3 days’ cultivation, a period 
during which a lens vesicle has formed in the enveloping ectoderm. The lens vesicle is 
the onI\ induced structure produced in the explant. In the absence of lens fibers at this 



Fig 1.—Graphic representation of the two halves of Explant 112, a section of which is Bhown in 
Figure 3. The dotted lines indicate the outlines of the structures as seen in every fourth section (32 p) 
The stippled area represents the extent of the hollow interior at the final level shown; a narrow middle 
section is unrepresented and accounts for the difference in profiles. 

stage of development, the identification of such lentoid structures as seen in Figure 3, 
with the lens in the control, must be tentative. 

Explant 72, a section through which is seen in Figure 2, also presents a mass of in¬ 
duced brain parts and a structure like an optic cup. The dead optic vesicle does not 
appear in the section. The large neural tubelike structure is more intimately connected 
with the other hollow rudiment at other levels but the solid mass below has no connec¬ 
tion with other structures. No lentoid structures appear in any section. Explant 73 
was not in the best condition when fixed, but the sections do show a central brain mass 
from either side of which protrudes a structure interpreted as an optic vesicle. Associ¬ 
ated with one of these induced optic vesicles is a structure which may be a lentoid. 

Another series of 16 explants consisting of 1 dead optic veside in yolk-plug stage 
ectoderm but not included in Table 1 may be briefly mentioned. Four explants were 
killed at the end of 3, 4, 5* and 9 days in the attempt to follow the successive stages 
in the development of the induced structures. Of the 4 killed after 3 days 5 cultivation, 
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2 had extruded the optic vesicle and showed no organization. In the other 2 the cells 
surrounding the dead vesicle were arranged in concentric whorls and, for a short dis¬ 
tance, in orderly rows facing a considerable cavity, otherwise the appearance was much 
like a typical epidermal ball. Among the explants killed after 4 days was 1 showing 
definite neural masses, although the dead vesicle had been extruded, this was also true 
in another killed after 5 days. Another of the same age showed the condition of con¬ 
centric whorls of closely packed cells seen in a less marked form in 3-day explants. If 
this condition was preliminary to definitive organization, there was nothing to account 
for its later appearance here when a 4-day explant had exhibited definite neural masses. 
The 9-day explants showed only masses of neuroid tissue. 

Although the low percentage of inductions defeated the purpose of this series, it is 
evident that morphological changes which may result in neural structures or which, 
at the very least, are not epidermal in character, are under way after 3 days’ cultivation 
of the explant. It cannot be concluded from the evidence at hand that the same proc¬ 
esses, if continued 24 hours, would produce the definitely neural structures found in the 
4-day explant. That the neural induction appeared at all in an explant from which the 
dead vesicle had been extruded indicates that the continued presence of the latter is 
unnecessary for induction and suggests that a minimum period of contact might be 
established. 


DISCUSSION 

The present status of knowledge concerning the effect of dead inductors in whole 
embryos and in explanted indifferent ectoderm has been adequately indicated for present 
purposes in the introductory section. Wide generalizations as to the theoretical implica¬ 
tions of qualitatively specific induction seem premature and hazardous in view of the 
few and conflicting reports on this aspect of the problem of amphibian organization. This 
discussion will be confined to the experimental results presented above and their rela¬ 
tion to similar work. 

The positive evidence adduced in this paper for the existence of a specific inductive 
effect by a dead inductor consists in the induced formation of optic rudiments in isolated 
fragments of presumptive epidermis which enveloped a dead optic vesicle. The fact 
that this specific induction occurred in only 3 explants is of secondary importance; it 
would appear easier to explain why the effect failed to appear than why it did. Some 
importance can also be attached to a sort of negative evidence, namely, that dead eye 
rudiment induced eye rudiment and not other neural structures, such as nasal placode 
and ear vesicle. Further experiments using these rudiments as inductors would appear 
to constitute valuable and critical controls. In a brief communication Lopashov (1937) 
stated that he had obtained inductions of nasal placode and ear vesicle from like dead 
rudiments. 

A possible explanation of the gradation of inductive effects seen in Table 1 may be 
found by postulating a difference in intensity or amount of a hypothetical inductive 
substance present in the dead eye rudiments. Some explants showed no signs of response 
to the enveloped dead inductor and differentiated as epidermis; others showed sufficient 
change in the neural direction to be called neuroid; in still others the induction was 
definitely neural in character and formed recognizable neural structures; but in only 
3 explants were eye rudiments produced in addition to the induced neural structures. 
The gradation in effect may reflect subminimal and increasing amounts of inductive 
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substance. Holtfreter’s results emphasize that the inductive effect is not of the all-or- 
none character. Dead inductors and tissues from different sources showed definite grada¬ 
tions in the effects produced. The materials classified as “strong” by him induced a wide 
diversity of derivatives of all 3 germ layers; the “weak” induced ectodermal derivatives 
only. 

A point of difference between Lopashov’s results and my own was the quantity of 
dead optic-vesicle material necessary for induction. He obtained no induction in either 
whole embryos or explants with only 1 dead vesicle; at least 2 were necessary for the 
effect, while with 7 dead vesicles eyes were induced. My experience with A. punctatum 
was that quantities of more than 1 dead vesicle were lethal. This susceptibility may, of 
course, be a specific difference between the animals used. The importance of the quantity 
of inductor necessary for induction in A . mexicanum and Triton gives support to the 
suggested quantitative explanation of my results. 

The part played by the responding ectoderm in these experiments was critically 
delimited by employing the explanation method. The fragments of prospective ecto¬ 
derm, isolated in a neutral medium, would appear to provide an ideal proving-ground 
for inductive effects. They are isolated at the very beginning of gastrulation, have 
apparently unrestricted potencies (Holtfreter, 1933, 19346), and, in contrast with the 
same areas in situ during development of the whole embryo, are free of the criticism 
that the spread of various overlapping “fields” of the host has influenced or dictated 
the nature of the inductions. The salient point of a specific inductive effect is that the 
characteristic quality of the induced rudiment is imposed upon the responding tissue 
by the inductor. There can be no question of mere activation or stimulation of a latent 
response which is evoked by a diversity of inductors. Although I have not yet tried the 
effect of other dead inductors of a narrowly circumscribed nature, I believe that the 
results of my experiments indicate that the influence of the dead optic vesicle is im¬ 
posed on the indifferent ectoderm end so constitutes true induction rather than activa¬ 
tion. 

SUMMARY 

1. The influence of dead optic vesicles and of extracts of dead vesicles upon explants 
of prospective ectoderm of early gastrulae and of body ectoderm from late neurulae of 
A . punctatum was studied in these experiments. 

2. An ether extract of dead optic vesicles induced neither lens nor other structures 
in explanted body ectoderm of neurulae. 

3. Explanted fragments of prospective ectoderm differentiated as epidermis. 

4. Explants of prospective ectoderm containing 2 or more dead optic vesicles were 
killed by this amount of dead material. 

5. Explants of prospective ectoderm containing 1 dead optic vesicle showed induc¬ 
tions of definite neural character after 7 days’ cultivation. Pattern and organization 
were lacking in the induced masses; entodermal and mesodermal derivatives were not 
observed. In 3 such explants were found structures resembling optic rudiments con¬ 
nected with a brain mass. 

6. These optic rudiments induced by dead optic vesicle are adduced as evidence of 
a specific inductive effect of the dead inductor upon explanted presumptive epidermis. 

7. The relation of the results of these experiments to other similar work is discussed. 
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Fig. 2—Photomicrograph of a section of Explant 72 (X 90) showing neural structures in¬ 
duced by one dead optic vesicle. O.R. = optic rudiment. 

Fig. 3—Photomicrograph of a section of Explant 112 (X 90) showing neural structures in¬ 
duced by one dead optic vesicle. O.R. = optic rudiment; L. = lentoid. 

Fig. 4.— Photomicrograph of a section of Explant 87 (X 90) showing epidermal appearance 
of explanted presumptive epidermis after 7 days’ cultivation. 

Fig. 5.—Photomicrograph of a section of Explant D 25. Anterior section of a neural fold 
explanted in the living state after 3 days’ cultivation. An optic rudiment has induced a lens 
vesicle (I.) in the ectoderm. 
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OXYGEN AS A CONTROLLING FACTOR IN THE 
REGENERATION OF TUBULARIA 

(Four figures) 

L. G. BYRTH 

Department of Zoology, Columbia University and the Marine Biological Laboratory 
Woods Hole, Massachusetts 

I T WAS suggested by Morgan (1903) that the inhibition of regeneration when the 
cut end of Tubttlaiia was placed in sand was due to lack of oxygen. Child (1927, 
1928) has shown that small pieces of Corymorpha in contact with the bottom of a 
dish develop hydranths from the free surface and stolons from the surface in contact 
with the glass. He suggests that the differential exposure of the surfaces of the fragment 
results in a difference in respiratory exchange which may determine the new polarity. 
There has been no attempt to study quantitatively the relation between oxygen tension 
and regeneration in Tubal at ia or Corymorpha . This paper will discuss, first, some quali¬ 
tative observations on regeneration of ends of stems of Tubidaria under conditions of 
reduced oxygen supply, and, second, a quantitative study of the size of the hydranth, 
time for regeneration, and rate of regeneration at various oxygen tensions. The experi¬ 
ments were carried out with the very able assistance of Mr. John Moore, who determined 
the oxygen tensions. The work was supported by a grant from the Rockefeller Founda¬ 
tion. 

METHODS 

The methods used in measuring rate of regeneration are similar to those used previ¬ 
ously (Barth, 1938). After selection of the stems, random samples are taken for each 
lot and measurements of the diameter of the stem and length of the primordium of the 
hydranth are made when the constriction appears between the primordia and the rest 
of the stem. The time in hours required for the appearance of this constriction is termed 
fc. The length of the primordia in micra divided by the time in hours is used as a measure 
of rate of regeneration in these experiments. The rate of regeneration is then measured 
in micra-hours or regenerative units which we shall designate R.U. For the work on 
oxygen tension the stems were placed in sea water at the tension to be examined, in 
flasks of 1,000-cc. capacity and the surface of the sea water covered with a thick layer 
of nujol. Siphons for taking of samples were inserted through the oil layer. With 20 
stems in this large volume of water the O a tension did not vary over the period of the 
experiment. The oxygen tension was determined by Winkler’s methods; usually the 
average of three samples taken at intervals was used. 

PRELIMINARY STUDIES 

In some of the studies on regeneration of cut stems of Tubularia it was found that 
when the tissue was pinched off for a distance of a few millimeters from the cut end of 
the perisarc no regeneration occurred. It appeared then that the tissue must be at the 
opening of the perisarc in order to differentiate into a hydranth. This inhibition of regen¬ 
eration when the tissue is not at the opening of the perisarc might be due to lack of an 
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adequate oxygen supply, as the diffusion rate in small capillaries such as the tube formed 
by the perisarc is very slow. The perisarc averages about 0.5 mm. in diameter. On the 
other hand, waste products might accumulate for the same reason. 

Further experiments, in which the rate of regeneration was measured with the distal 
end of stems placed in glass capillaries about 1 mm. in diameter, showed that complete 
inhibition of distal regeneration occurred, with the further result that the proximal ends 
regenerated more rapidly (Figs. 1, - 4 , B, C). The results are clear. There is no regenera¬ 
tion at the end which is capped with a glass capillary, while when the capillary is slipped 
over the stem, leaving the ends free, almost the normal rate of regeneration is found— 
32.1 R.U. as compared with 38 R.U. at the distal end and 4 R.U. compared with 2.7 
R.U. at the proximal end. The stems used for these experiments were short, 10 mm., 
and thus there was almost complete dominance of the distal end over the proximal end 
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Fig. 1.—Inhibition of regeneration by covering the cut end of Tubularia with a glass tube. Stems 
10 mm. long; 20 stems in each group, A, B, and C. length of primordium in micra; r=radius of 
cross-section in micra; h** time in hours from cutting to the formation of the primordium; 2?—rate of 
regeneration as measured by L/t*. Group A. the distal end is inserted in a glass tube; Group 3 , the 
middle part of the stem is covered by the ends are free; Group C serves as untreated control; jD* distal 
end of the stem; P=proximal end of the stem. 

in B and C. However in A } where regeneration of the distal end was prevented by the 
glass cap, the rate of regeneration of the proximal end rose to 21.3 R.U. 

Examination of the distal ends within the tubes showed the coenosarc disintegrating 
in some cases, leaving this region of the perisarc filled with a mass of unorganized cells 
and cell debris. In other cases the distal end simply closed after cutting and showed *no 
further signs of either disintegration or differentiation. 

The next experiment shows that even when the glass tube is completely open at the 
end regeneration is inhibited. In this case the cut end was about 0.5 mm. from the open¬ 
ing of the glass tube (Fig. 2, ^ 1 ), but no differentiation took place. As is expected, inhibi¬ 
tion of the distal end causes the proximal end to regenerate. These results were surpris¬ 
ing, and the experiment was repeated with another group (Fig. 2, B) in which the distal 
ends of stems were placed in glass tubes with, the cut ends flush with the ends of the tubes. 
After 24 hours there was no regeneration at the distal end in the tubes while the proxi¬ 
mal free ends were regenerating. The controls (Fig. 2, C) showed the distal end to be 
completely dominant in these stems. The results show clearly that covering the end of 
the stem with an open glass tube inhibits regeneration. Further experiments, using a 
porcelain plate with small perforations, gave the same effect when the cut ends of stems 
were placed in the holes. 
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the effect of varying oxygen tension upon the regeneration of cut stems 

The preliminary studies indicate that reducing the oxygen supply of the cut end by 
means of glass tubes inhibits regeneration. In the following experiments sea water was 
made up at various oxygen tensions and twenty cut stems treated. The size of the de¬ 
veloping hydranth as measured by the length of the primordium, L ) the time for the 
formation of the primordium, t lt and the time for emergence of the hydranth, t 3j were 
observed. The stems used were 5-7 mm. long so that dominance of the distal end was 
almost complete and few or no proximal hydianths developed at normal oxygen tensions. 
Since the stems were in sealed containers, they had to be removed for measurement. 
They were taken out when, by gross inspection, about 50 per cent showed primordia. 
After removal the stems were kept at the normal O a tension of sea water in open dishes. 
This procedure meant that the stems at higher O a tensions were treated for a shorter 
time than those at lower O a tensions because of the difference in rate of regeneration. 
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Fig. 2.—Inhibition of regeneration of cut ends of Tubidaria in glass tubes. A-distal cut end about 
0.5 mm. from opening of tube; B «distal end flush with opening; C—control. Stems 10 mm. in length; 
20 stems in each group. 


Many preliminary experiments were carried out, but the last three experiments of the 
series Trill be used chiefly for this paper. The data from these are included in Table 1. 
Here the oxygen tension is recorded, the average lengths in micra, the average time in 
hours, and finally the average rate of regeneration of 20 stems is calculated as R = 
L/t z = R.U. When a stem completely fails to regenerate, it is not included in the calcu¬ 
lations. When a stem fails to regenerate during the experimental period but regenerates 
later, it is considered to be inhibited and it is included in the calculations. The length 
of the primordium of these latter will be o, since it does not appear during the experi¬ 
ments, and the rate of regeneration, o. This treatment of the data is necessary, as in low 
0 3 tensions the weaker stems fail to regenerate, while at higher 0 3 tensions they are able 
to do so. Naturally in trying to measure the effect of O a on regeneration these weaker 
stems must also be included. 

As seen from Table 1, with increase in 0 2 tensions there are an increase in size of the 
primordium of the hydranth, a decrease in the time for its formation, and an increase 
in the rate of regeneration which is a function of these two variables. The magnitude of 
the effect is great, so that the rate of regeneration of steins from the same source ranges 
from 22 R.U. at 1.3 cc. O a /l to 67.1 R.U. at 8.6 cc. 0 a /l. 

The data from Experiment 9 in which the oxygen tension of laboratory sea water was 
4.7 cc./l are plotted in Figure 3. All the Experiments 1-8 agree with Figure 3 in show¬ 
ing that the greatest effect of O a tension is between 3 cc. and 5 cc. of 0 a per liter* This 
fact is of great importance since this range includes the normal oxygen tension of sea 
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water in the laboratory. Any experiments on the rate of regeneration of Tttbularia must 
take into consideration this critical range of O a tension. 

Below 3 cc. of oxygen per liter the rate of regeneration falls off less rapidly, until a 
tension of about i cc. is approached, when the rates of regeneration decline sharply. 
At about 0.35 cc. '1 regeneration is inhibited completely, while above 5 cc. the rate con¬ 
tinues to increase, but more slowly. The relation between O a tension and rate of re- 

TABLE 1 

THE EFFECT OF VARYING OXYGEN TENSIONS ON THE RATE OF 
REGENERATION OF Tubularia 


C » control in open dish 


Experiment 

Oj 

Cc. i Liter 

L 

Micra 

h 

Hours 

R-L/k 

Experiment 7: 

180 stems 5-7 mm. 


mm 



length, young. ... 

a 4 


36.1 

29.7 


3 a 

28.1 

45-7 


4 1 


26.8 

5 i 3 


4 8 

1,365 

26.3 

52.0 


1 8 2 

1,640 

34 5 

67.0 


«■ 3 

1,809 

24 6 

71 8 


14 3 

1,840 

24 1 

75-5 


l % 5 

1,846 

*3 7 

77.0 


C 

1,370 

26.2 

52.3 

Experiment 8: 

160 stems 5-7 mm. 



length, medium... 

3.9 

990 

36 0 

27.4 



1,050 

335 

33 3 


3-3 

1,073 

34-3 

3 I.° 


3 9 

1,193 

33 4 

36.7 


4-5 

1,190 

33.1 

37-0 


49 

1,350 

27.8 

48.5 


6-5 

1,412 

26.4 

53-5 

Experiment 9: 

160 steins 5-7 mm. 
length, old. 

7 4 

1,63s 

24.9 

65.8 





1-3 

1,170 

53-3 

22.0 


1.8 

1,350 

48.1 

26.0 


a .3 

1,260 

46.2 

27.4 


3 0 

1,270 

42.7 

29.7 


4 -i 

1,350 

35*6 

35-3 


4 7 

1,42° 

29.7 

47-7 


6 4 

1,530 

26 1 

ss.3 


8.6 

1,710 

35 4 

67.1 


generation from 4 cc. to 21.6 cc./l is approximately logarithmic, as shown in Figure 4. 
Here the rates of regeneration of Experiments 5, 7, 8, and 9 are plotted as functions of 
the logarithm of the oxygen tension and show a linear relationship. The older stems are 
more susceptible to changes in 0 3 tension since the slope of these lines is greater than 
the slope of plots from younger stems. Compare Experiments 5 and 7 with 8 and 9. In 
Experiments 8 and 9 the sterna were so similar that their rates of regeneration fell on the 
same line. 
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The lower limit of 0 2 tension for regeneration has not been accurately determined, but 
at 0.35 cc./l the stems may remain indefinitely without regenerating at either end, while 
at 1.33 cc./l most of the stems regenerate at the distal end, giving a rate of 22 R.U. 
Thus there must be a rapid drop from 22 to 0.0 R.U, between 1.3 and 0,33 cc. of oxygen 
per liter. 

The highest 0 3 tension tried was 21.6 cc./l, in which the stems gave a rate of 57.8 
R.U. as compared with a rate of 50 R.U. at 14.8 cc./l. The range from 10 cc.. 1 to 
20 cc./l is characterized in all experiments by a flattening of the curve (Fig. 3). 



Flo. 3.—The effect of varying the oxygen tension on the rate of regeneration of Tubularia. Rate— 
L/ti, where L—length of primordimn in micra and t x =time in hours. Oxygen tension is recorded in 
cubic centimeters per liter. 


The beneficial effects of high O a is demonstrated by the stems of Experiment 9. These 
stems were removed from the flasks containing O a at various tensions and placed in a 
dish of sea water for observation. The distal primordia were measured and the distal 
hydranths emerged, and then, as is characteristic on standing in unchanged sea water, the 
hydranths, after about 96 hours, dropped off and stolons grew out of the proximal ends 
of the stems. After 264 hours there were no hydranths present in the 160 steins, but the 
steins were not dead, as circulation continued. The stems were then placed in high 0 2 
of 14 cc./l and in 48 hours almost all the stems formed new hydranths. 
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Fig. 4. —Rate of regeneration of Tubularia at varying oxygen tensions. Rate=Z//, in micra/hours 
Data from four experiments. Curve showing greatest slope is from Experiments 8 and 9 on relatively 
old stems. The other two curves are from Experiments 5 and 7 on relatively young stems. 


TABLE 2 

Effect of varying oxygen tensions on the rate of regeneration of Tubularia 

Experiment 2: length 15 nun.; 13 stems in each sample; treated for 40 hr., then removed to open dish 
for observation; Z—length; /j—time in hours; R'-L/t % ~ micra/hours. 
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THE EFFECT OF OXYGEN ON DOMINANCE OF THE DISTAL OVER THE PROXIMAL END 

In most of the experiments the stems were chosen of such length, 5-7 mm., that al¬ 
most complete dominance resulted. In one experiment 15-mm. steins were used and 
proximal hydranths developed in the higher O a tensions but not in the lower ones. Table 
2 gives these results. At 1.3 cc./l the proximal ends do not regenerate, while at 19.1 cc. 
the rate is 20 R.U. Observation on Experiment 9 also showed that at O a tensions of 
8.65 cc./l, 60 per cent of the proximal ends formed hydranths; 15 per cent, stolons; and 
25 per cent showed no action. Lowering the O a tension to 4.1 cc./l gave 20 per cent 
hydranths, 50 per cent stolons, and 30 per cent no action. These stems, although 5-7 
mm. long, were older than in other experiments and dominance was accordingly less 
evident. 

DISCUSSION 

The close dependence of rate of regeneration upon oxygen tension is extremely 
interesting in relation to studies on the control of polarity in Tubularia and other allied 
coelenterates. In the first place, the earlier results of Morgan (1903) on placing the end 
of Tubularia in the sand and inhibiting regeneration are clearly due to a lack of oxygen. 
Even in open tubes, as in my experiments, the oxygen is used up so fast that diffusion is 
unable to supply enough for regeneration. Second, Child’s observation (1928) that the 
free surface of Corymorpha fragments always becomes the hydranth can be interpreted 
on the basis of higher oxygen supply. Third, the lack of regeneration when the ends of 
Tubularia are ligatured is almost certainly due to a lack of 0 3 , for it is clear that the 
perisarc is not freely permeable to O a . This explanation is confirmed by the observation 
that when the perisarc cracks near a ligature the exposed tissue will start to form a 
hydranth, i.e., admission of O a from sea water allows for regeneration. Further experi¬ 
ments on the stimulation of regeneration by rupturing the perisarc will be reported in a 
separate paper. It is suggested that the stimulus for regeneration is the exposure of 
tissue to high oxygen. Aside from the light that these experiments throw upon the 
mechanism of determination of polarity, the physiological mechanism involved is of 
extreme theoretical importance. How does increased oxygen tension act? Does it in¬ 
crease O a consumption and so perhaps increase metabolism generally so that the proc¬ 
esses of regeneration are hastened? Or does the increased O a tension simply increase the 
rate of diffusion of O a into the stem so that it penetrates more deeply and thus sti m ulates 
more of the stem to form a hydranth? This latter suggestion would account for the 
larger hydranths at high 0 a tensions, but not the decrease in time for regeneration. The 
same two possibilities exist for the explanation of the inhibition due to low O a tensions. 

No data presented in this paper can be used to distinguish between these two possi¬ 
bilities. The relation between O a tension and O a consumption will have to be determined. 
Henze (1910) says that the O a consumption of two coelenterates, Actinia and Anemonia , 
is dependent on 0 3 tension, while in two others, Pelgia and Car marina, the 0 3 consump¬ 
tion is independent of O a tension. 

We have good evidence that rate of diffusion is an important factor. The experiments 
cited in this paper show that at the same O a tension the ends of Tubularia in open tubes 
will not regenerate while those free in the water will. The only explanation lies in the 
reduced 0 3 , owing to utilization by the end and failure of diffusion to supply the mini¬ 
mum tension required for regeneration. 
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SUMMARY 

1. Experiments in which glass tubes were used to cover the cut end of Tubularia show 
that diffusion of 0, at the tension of sea water, through less than a millimeter of i-mm. 
glass tubing is not sufficient to supply the tissues for purposes of regeneration. 

2. Varying the oxygen tension of sea water affects the size of the hydranth primordia, 
the time for formation of the primordia, and the rate of regeneration as measured by 
those two variables. 

3. Increasing the oxygen tension above 4.5 cc./l increases the rate of regeneration 
rapidly, while decrease below 4.5 cc. 1 causes a sharp decline in rate. Tubularia there¬ 
fore is existing at a very critical region of the oxygen-tension regeneration curve. 

4. The lower limit for regeneration is between 0.35 and 1 cc. of oxygen per liter, at 
which regeneration is inhibited indefinitely but the stems are not killed. The effect is 
reversible, regeneration taking place when the oxygen tension is increased. 

5. The rate of regeneration above 4 cc. of oxygen per liter is a linear function of the 
logarithm of the oxygen tension. 
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DIFFERENTIAL GRADIENT FUNCTIONS IN THE 
FEATHER GERM 1 

(Eight figures) 

RICHARD II. FRAPS 

Whitman Laboratory of Experimental Zoblogy, University of Chicago 3 

1 ILLIE and Juhn (1932) have shown that the localization of pigmentation patterns 
induced by hormones in saddle and breast feathers of the Brown Leghorn male 
-d or capon requires the postulation of a purely quantitative reaction gradient in 
the collar of the developing germ. The concentration of hormone required to effect a 
given pigmentation reaction at different regions of the collar was taken as the measure 
of the underlying physiological gradient that determined observed threshold values. By 
this measure the high end of the gradient in saddle and breast feathers is at or near the 
ventral limit of the collar (apexes of barbs), the low end is at or near the dorsal limi t of 
the dollar (bases of barbs). Lillie and Juhn also attempted to show that the underlying, 
determinative gradient in the collar was primarily a gradient in rates of cell division. 

In extending the earlier experimental procedures to other tracts, patterns have been 
obtained which indicate that the order of pigmentation in the germ is partially or com¬ 
pletely the reverse of the order described by Lillie and Juhn as typical in the saddle and 
breast germs. One might, of course, take these patterns as evidence for a reversal in 
direction of the underlying gradient differentials postulated for saddle and breast germs. 
The possible existence of localized reversals in direction of the primary collar gradient 
has, in fact, been recognized by Lillie (1932) and cannot be excluded in certain pattern 
formations (penciling, for example). But, if we think of the reaction gradient (for pig¬ 
mentation) described by Lillie and Juhn as the direct concomitant of primary differen¬ 
tials in developmental processes (e.g., rates of cell division), we must also suppose funda¬ 
mental differences in the organization of feather germs exhibiting the partially or com¬ 
pletely reverse orders of pigmentation described below. In certain germs the high end of 
the reaction gradient, as measured by hormone concentration required to produce a given 
reaction, is at the ventral limit of the collar; in others, at the dorsal Emit; and in still 
others the gradient has high (not necessarily equal) values at ventral and dorsal limits 
with minimal values at intermediate collar levels. The organization of the feather germ 
and the primary differentials associated with its development can scarcely differ in cor¬ 
respondence with these relations. 

Experimentally induced pigmentation patterns in the Brown Leghorn always appear 
as alternatives to the immediately displaced pigmentation reaction. If we assume that 
the conditions tending to effect each of these alternatives represent differential functions 
of a primary developmental gradient, such as rate of cell division, the reversal of thresh- 

1 Presented before the National Academy of Sciences, by invitation of Dr. C. M. Child, tinder title 
of “Reaction Gradients and Pigmentation Thresholds in the Feather Germ” (abstract in Science, 8s 
U 937 l:S 9 )- 

3 This investigation was supported in part by funds from a grant by the Rockefeller Foundation to 
the University of Chicago in aid of biological research. 

Vol. XI, No. a, April, 1938] 187 



i88 


RICHARD M. FRAPS 


old differentials in different germs represents only a differing relationship between two 
critical but derivative processes of graded intensity within the collar l i m its. The primary 
developmental gradients in different germs (gradients in rates of cell division, differ¬ 
entiation, etc.) are assumed, on this view, to remain unchanged m direction but to differ 
in absolute values in feather germs differing in growth-rates, reaction orders, etc. 

The reaction gradient originally described by Lillie and Juhn in the collar of the 
feather germ is a most beautiful confirmation of the role that C. M. Child has long at¬ 
tributed to purely quantitative, physiological differentials in the developmental proc¬ 
esses. The feather germ is remarkable not only because qualitative differentiations evi- 



Fig i. —Diagiammatic representation of one collar limb from a regenerating feather geim. The germ 
has been split along the ventral superficial axis, W # , and the center of the shaft, DD*, the diffeientiated 
apical levels of barbs and shafts above V , D r have been removed, and also the undifferentiated base of 
the germ below VD Barb primordia originate along ab , their bases differentiate along the Iocub be and 
are completed at d with union of barb-shaft structures Spacing of barbs with growth of shaft is indicated 
above d Locus of simultaneous pigmentation of baib complement is represented by the locus vd. Diffci- 
entlation and pigmentation of shaft ore indicated schematically foi completion of the diagram. 


dent as different pigmentation products are shown to be localized with respect to quanti¬ 
tative differentials but equally because of the fact that these qualitatively different prod¬ 
ucts are represented in all cells by definite, relatively simple genetic compositions. Here, 
certainly, is a developmental system for which we may hope eventually to formulate a 
coherent and rigorous statement of relationship between the discrete date of genetics and 
the quantitative “organizing” differentials of Child’s gradient theory. It is a pleasure 
to contribute to this number honoring Professor Child a paper which, in common with 
so much in developmental investigation and theory, must take for granted the pervasive 
fertility of his conceptions. 

I. DEVELOPMENTAL BELATIONS IN THE EEATHEE GERM 

The several orders of induced pigmentation patterns found in regenerated feathers 
and described below occur in correspondence with definite relations in the developing 
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germ. A brief presentation of essential germinal relations is accordingly called for in this 
place; detailed accounts have been given by Lillie and Juhn (1932), Greite (1934), 
Hosker (1936), and Fraps and Juhn (1936). 

Figure 1 represents a section cut from the cylindrical base of a germ after development 
is well under way. The cupped, undifferentiated base of the germ has been removed by 
cutting along VD; the apical, completely differentiated portions of barbs and shaft are 
cut away along 7 'D'; and from the annular band thus formed, one-half of the germ pro¬ 
ducing a single vane-half of the feather is obtained by splitting along the ventral super¬ 
ficial axis ( 7 V 7 ) and through the center of the shaft (DD f ). The developing region of a 
complete and wholly symmetrical germ would be represented diagrammatically by pro¬ 
ducing a mirror image of Figure 1 to the left of 77 ' or to the right of DD'. 

In the barb complement simultaneously represented in the feather germ (from b to d, 
Fig. 1), the youngest primordium is at the ventral face of the collar (at oi), the oldest 
is adjacent to the shaft (at d). The apex of the individual barb forms first (db), and 
successive apicobasal levels arise as the primordium formed at db occupies successive 
positions along the locus, be. At d the base of the completed barb has united with the 
shaft primordium (union occurring between c and d), and it is carried from the collar 
by axially directed growth of the shaft. Growth of the shaft, particularly during the 
second phase of growth (ballooning of Lillie and Juhn) gives to the barbs their definitive 
spacing on the shaft. This is indicated—altogether schematically—in Figure 1 by the 
increasing separation of barbs above d . 

The region of growth by cell division in the germ includes the undifferentiated base 
(white of Fig. 1) and a limited extent within barb primordia—up to the distal level of 
cell division, according to Lillie and Juhn. Axially directed growth causes a continual 
apicalward prolongation of the undifferentiated zone; the simultaneous projection of 
barb bases into this zone maintains the general relation shown in Figure 1. It follows 
in consequence of this axially directed growth that the line of cleavage between the un¬ 
differentiated basal tissue and the last barb primordia (db) formed from it will be re¬ 
moved from the base of the germ until a succeeding primordium can form in the same 
relative position occupied by ab , Figure 1. 

Since the lines of cleavage between barbs form an angle with the vertical axis, 77 ', 
barb bases must move, with continued axial growth of the germ and therefore in length 
of each barb, from b to r, where processes of union with the shaft begin (Hosker, 1934). 
In many germs, however, the angle of cleavage tends to approach the vertical as we 
follow the locus be. This is the same as saying that the angle of cleavage (Vab of Fig. 1) 
decreases with the level of barb bases above a given base line (VD of Fig. 1). The gen¬ 
eral relationship suggests a primary gradient differential from ventral to dorsal limits 
of the collar, a differential involving possibly growth vectors (Fraps and Juhn, 1936), as 
well as rates of growth. 

The locus of simultaneous pigmentation in all reactive barb primordia is indicated in 
Figure 1 by the curve, vd. Barb apexes are not pigmented immediately upon their forma¬ 
tion, but only after they have reached the relatively high level, v 7 above the base of the 
germ. There are consequently a number of barb primordia at the ventral limit of the 
germ that are entirely unpigmented. 

It follows from the serial order of origin of barb primordia and their ventrodorsal 
motion around the collar that the simultaneous pigmentation of all barbs cutting the 
locus vd corresponds to pigmentation of the individual barb at successive apicobasal 
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levels (Lillie and Juhn, 1932). The locus vd in the germ appears in the regenerated 
feather as a line approximately at right angles to the shaft, as vd of Figure 2A-E; in 
these repiesentations of single vane-halves, the margin (barb apexes) corresponds to the 
ventral position in the germ, and barb bases correspond to dorsal position With these 
simple relations in mind, any pigmentation pattern in the regenerated feather can be 
referred directly to the developing germ. 

2. EXPER1MEN1 VIXY INDUCED ORDERS OF PIGMENTATION 

By “order of pigmentation” we refer to the direction—doisoventral or ventrodorsal— 
in which an imposed pigmentation pattern displaces an alternative pigmentation forma- 



Fig 2 —Orders of pigmentation in legencratcd featheia Each figure represents a section from a 
single vane-half with baibs ranged parallel to those shown. The locus of simultaneous pigmentation in 
the germ (vd, Fig 1) is indicated in each section by the transverse broken lines, vd. The anows beneath 
vd give the direction of imposed pigmentation (stippled regions) with increasing hormone concentrations 
The arrows at the base of the sections give oidei of pigmentation referred to the individual baib coi- 
responding to IcvelB cut by of A, B, and C doisoventral ordei of pigmentation, typical m collars of 
breast and saddle featheis in icaction to female hormone and thyroxin, respectively. D ventrodorsal 
order of pigmentation with increasing hormone concentration (medial vane-half of secondaries in leaction 
to temale hormone). jE: complex ordei of pigmentation, proceeding from a boundary, kh, ventially and 
dois&Uy (lateral vane-halves of secondaries) 


tion with increasing hormone concentration. Three orders of pigmentation have been 
experimentally produced in feathers of the Brown Leghorn male or capon.’ 

a) Dorsoventral pigmetUaiion ^The order of pigmentation of breast feathers to female 
hormone and of saddle feathers to thyroxin has been described in detail by Lillie and 
Juhn (1932). The breast feathers may be taken here as illustrative of this order of re- 

3 Of the thiee pigmentation orders taken up here, only one, the doisoventral ordei, has been described 
in the literature The ventrodorsal and complex orders of pigmentation were obtained by Dr. Mary Juhn 
in connection with experiments designed to establish the relation between rate of feather growth and 
hormone concentration in rapidly growing feathers These results will be published elsewhere. The au- 
thoi wishes to thank Dr. Juhn for placing at his disposal, prior to publication, the extensive material 
constituting the experimental basis of this paper. 
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action. In the male or capon these feathers are solidly black; the subcutaneous injection 
of female hormone causes the appearance of the brilliantly contrasting “female salmon.” 

The minimal concentration of female hormone required for the appearance of female 
salmon in the barbs (leaving out of account the shaft) produces a pattern limited to barb 
bases. If this relatively low concentration is maintained constant, a longitudinal pattern 
similar to that indicated in Figure 2 A is produced (female salmon represented by stipple). 
This corresponds to reaction at and near the dorsal limit of the geim (to the left of d, 
Fig. 1). A somewhat highei concentration of female hormone maintained at a constant 
level would produce a larger central area of salmon (Fig. 2B), coiresponding to reaction 
in the germ from d to h. Further increases in the concentration of hormone extend the 
reaction for salmon pigmentation from h toward v (Fig. 1) until finall y black is displaced 



Fig 3.—Normal and modified featheis ftom the sequence ot secondaries, male 01 capon Brown Leg¬ 
horn. A: normal feather, black in the figure repieseutmg black in the feather, white aiea corresponding 
to brown in the feather; hh, boundaiy corresponding in mid-vane regions to h in Figure 1 A, B, C, and 
D• increasing degiees of reaction to female hormone (stippled areas of figures) in different feathers of 
the secondary seiies The longitudinal broken lines in Figures C, D, and E correspond approximately to 
the normal boundary between biown and black. Details in text. 

entirely from the locus of pigmentation. The resulting feather is completely salmon be¬ 
low the level at which the requisite hormone concentration has been attained (Fig. 2C). 

In the breast feather, then, the order of reaction to increasing concentration of female 
hormone is strictly dorsoventral. The same order of reaction is typically observed in 
formation of black under the action of thyroxin in leather germs of the bade, saddle, and 
neck hackle regions of the Brown Leghorn capon (details in Lillie and Juhn, 1932). 

b) Ventrodorsal pigmentation .—The secondaries of the Brown Leghorn male or capon 
are typically black with a marginal brown stripe in the lateral vane-half of each feather 
(Fig. 3.4, black as represented, brown indicated by white in the lateral [left] vane-half). 
Female hormone displaces both brown and black, inducing formation of the stippling 
pattern characteristic of the normal female. Pigmentation of the individual stippled 
barb occurs as an alternate banding of black and buff. The proportion of black is greater 
toward the base of the barb, the proportion of buff toward the apex. 

Taking into account only the main vane region of the secondaries (excluding, that is, 
apical formations), increasing concentrations of female hormone effect the formation of 
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stippling in ventrodorsal order in all normally black regions . In the medial vane-half 
(completely black), pigmentation is extended from the ventral limit of the germ to the 
dorsal limit with increasing hormone concentration (Figs. 2 D and 3D). In the lateral 
vane-half the extension of stipple with rising hormone concentration proceeds from the 
boundary between brown and black (A of Fig. 1; hh of Figs. 2 E and 3A) toward the 
dorsal limit of the germ, corresponding, of course, with extension toward the shaft in the 
regenerated feathers (Fig. 3 B, C, D, and E: observe also that the order of displacement of 
stipple by black with falling hormone concentration in Fig. 3C, D, and E is from shaft 
to brown-black boundary). 

The most direct evidence that we are dealing with a true ventrodorsal order of reac¬ 
tion in all normally black regions of these feathers lies in the fact that we never find (in 
the main vane regions) stippled areas adjacent to the shaft with black areas surrounding 
them. In a few instances the extreme apical levels of barbs in the medial (solidly black) 
vane-halves remain black even with considerable extension of stipple toward the shaft. 
But excepting these very limited barb regions, the ventrodorsal relationship appears 
to be consistently maintained in the displacement of black. 

c) Complex pigmentation orders .—In terms of relations within the collar of the develop¬ 
ing feather germ, the dorsoventral order of pigmentation (breast feathers) and the 
ventrodorsal (medial, solidly black vane-half of secondaries) both represent continuous 
reaction gradients. In the lateral brown-black) vane-half of the secondaries, the reac¬ 
tion for stippling is initiated with minimal hormone concentrations at the boundary 
between brown and black (A of Fig. 1; hh of Fig. 3A); and with increasing concentrations, 
stippling is extended from this point both ventrally and dorsally (Fig. 2E). This is well 
brought out in the “mirror-imaging” of the induced stippling on opposite sides of the 
broken line drawn into Figure 3C. The only qualification to be made here is that in a 
considerable number of feathers the entire brown region appears to have become stippled 
practically simultaneously, with very little encroachment into the region of black pig¬ 
mentation. In others, however, marginal areas remain unstippled (brown), as at e, 
Figure 3 E —dear evidence that the ventral region of the germ has maximal threshold 
values so far as the displacement of brown is concerned. 

The general relation between the concentration of hormone required to effect modi¬ 
fication in the several collar limbs, and the direction of modification in each collar limb, 
can be given in a single graph, Figure 4. Abscissas here represent equivalent collar posi¬ 
tions, dv; ordinates indicate concentrations. Curve I represents the relation between 
hormone concentration and direction of imposed pigmentation (dv) in the dorsoventral 
order. Curve II is the same relation for ventrodorsal order of pigmentation, just the 
reverse of curve /. Curve III combines portions of these two curves, with h the point 
of modified pigmentation at minimal hormone concentration. 

3. DIFFERENTIAL FUNCTIONS OF PRIMARY GRADIENTS 

Lillie and Juhn (1932) interpreted their experimental results, all of which represented 
dorsoventral reaction in the collar, in terms of a gradient of growth-rates in the regen¬ 
erating germ. This interpretation was based upon the discovery by Juhn and Gustavson 
(1930) that the threshold of reaction in feathers of different tracts is proportional to their 
rates of growth. Juhn, Faulkner, and Gustavson (1931) later showed that the reaction 
thresholds of feathers within certain contour tracts are likewise proportional to rates of 
growth during regeneration. In view of these findings, Lillie and Juhn concluded that 
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“it is logical, and indeed necessary, to hold that this principle applies to the parts of a 
feather as well as to difiercnt feathers.” Fraps and Juhn (1936) questioned certain data 
presented by Lillie and Juhn on the growth of barbs; their results do not, however, dis¬ 
prove the existence of small but significant axial rate differentials, nor do they take into 
account growth differentials in other than the axial dimension. 

Assuming that the concentration of hormone required to effect a given reaction is 
always proportional to rate of growth in the barb primordia, the three orders of pigmen¬ 
tation described above would require the 
postulation of three fundamentally different 
growth gradients in different collar limbs. 

Suppose, on the basis of this assumed pro¬ 
portionality, that we read “growth-rates” in¬ 
stead of “concentrations” in Figure 4. The 
collar of the breast germ would show gradually 
increasing growth-rates in dorsoventral order 
(curve 7 ), as was postulated by Lillie and g 
Juhn. The medial (or solidly black) vane- 
half of secondaries would require the assump- ^ 
tion of increasing growth-rates in ventrodorsal 
order (curve II), and the lateral vane-half of 8 
the same feathers calls for a curve of growth- o 
rates (curve III) with minimal values at an ]| 
intermediate position, h , and increasing rates ^ 
toward ventral and dorsal limits of the collar. 

It seems necessary to suppose that the 
primary differentials associated with the or¬ 
ganization, growth, and development of 
feather germs are fundamentally alike in all 



cases, however much germs may differ in scale 
of organization or in details. The “organizer” 
properties of the ventral triangle (Lillie and 
Juhn, 1937) and its field characteristics in cer¬ 
tain feathers (Fraps, 1938), the invariable 
seriation of barb primordia, the increasing 
physiological age of primordia with ventrodor¬ 
sal progression through the collar, and the 
general similarity in conformation of reactive 
centers for barb bases, for barbulation, and 
for pigmentation in different germs—all serve 
to enforce this view. But it is equally certain 
that the scale of organization of different 


Fio. 4.—Relation between pigmentation loci 
in the collar (abscissas) and older of reaction to 
increasing hormone concentrations (ordinates) 
in different collar limbs. Note that abscissas 
arc ranged in dorsoventral order . Cm ve I: breast 
or saddle germ collar. Curve II: the collar from 
medial vane-half of a secondary, showing the 
reverse relation of curve I. Curve III: collar 
from lateral vane-half of a secondary, combin¬ 
ing the relations of curve / (A to ventral collar 
limit) and curve II (h to dorsal collar limit). 


germs (as breast and secondaries) together 

with rates of growth and differentiation vary over a relatively great range. 

Given a system of primary, determinative gradient relations in the collar of feather 
germs generally (e.g., growth gradients), it follows that secondary processes dependent 
upon these primary differentials must also be subject to gradient differentials. We may 
safely assume that these secondary graded processes, or gradient functions, change by 
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differing degrees with change in absolute intensity levels of the primary gradient proc¬ 
esses. Two such derivative or secondary gradients will vary also, then, with respect to 
each other at different absolute levels in the primary gradient system. Wherever two 
processes (rates, reaction potentials, etc.) are subject to graded intensities in the same or 
different collar limbs, but differ with respect to each other with differing values in an under¬ 
lying gradient process, they may be denoted differential gradient functions. If, finally, 
we suppose that certain critical or limiting reactions determining alternative pigmenta¬ 
tion processes are themselves differential gradient functions as thus defined, the several 
pigmentation orders described above can be accounted for satisfactorily without postu¬ 
lating the “reversal” of primary developmental gradients (such as the distribution of 
growth-rates). Application of this concept to the observed data follows. 



Fig. 5 . —Differential gradient functions in the dorsovcntral order of imposed pigmentation. Abscissas 
represent uniformly increasing piimary gradient values in the doraovential oidei (from d to ©). Ordinates 
represent limiting reaction potentials, increasing from P to P\ Curve mm indicates reaction potentials 
for melanization (in the breast feather). Curve 1: reaction potentials for imposed pigmentation at low 
concentration of female hormone, displacing melanization reactions from d to level 1 on abscissas. Curves 
2 and 3: gradients of reaction potentials for imposed pigmentation at two higher concentrations of female 
hormone, extending the imposed processes to collai levels 2 and 3, respectively. 

INTERPRETATION Off THE PIGMENTATION ORDERS 

a) The dorsoventral order .—The assumption of a direct proportionality between hor¬ 
mone threshold and rate of cell division made by Lillie and Juhn accounted adequately 
for the dorsoventral extension of imposed pigmentation with rising hormone concentra^ 
tions in breast and saddle feathers. This interpretation, however, tells us nothing about 
relations obtaining between the primary gradient (growth-rates) and the conditions de- 
tennining the partially or completely displaced pigmentation—black in breast feathers, 
buff in saddle feathers. We accordingly consider this case first. 

The differe n ti al gradient relations required by the dorsoventral order of pigmentation 
(breast feathers as example) are given in Figure 5. Let the axis of abscissas, dv, represent 
primary gradient values (as growth-rates), increasing uniformly from d to u. Let ordi- 
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nates, PP represent potentials (intensity, rate, or other values) for the critical, limiting 
reaction entering into alternative pigmentation processes. If this critical reaction poten¬ 
tial for black (in the breast feather) is taken as a direct function of the primary gradient, 
it may be represented in Figure 5 by the solid line, mm. The indicated proportionality 
between the primary gradient values (abscissas) and the limiting reaction potential for 
melanization does not necessarily mean that rate of pigmentation, or quantity of pig¬ 
mentation deposited, increases from dorsal to ventral limits of the primary gradient. 
This may or may not be true. In the present connection, however, the curve, mm, means 
simply that the reaction potential of the limiting process involved in melanization in¬ 
creases with increasing values of the primary gradient. 

When female hormone eSects, whether directly or indirectly, an alternative pigmenta¬ 
tion formation (salmon instead of black in the breast feather), it is necessary to assume 
again some proportionality between primary gradient values and potentials of the limit¬ 
ing or critical reaction in the imposed pigmentation processes. This proportionality can¬ 
not be identical with that for melanization in the breast feather, since this would mean 
the simultaneous displacement of black from the entire collar limb at minimal concentra¬ 
tions of hormone inducing any formation of salmon. Since the imposed pigmentation 
(salmon) appears at minimal concentrations of hormone in dorsally limited regions of 
the collar, the curve of limiting reaction potentials must have a lesser slope than does 
the corresponding curve for melanization; only such a proportionality with the primary 
gradient differentials can have higher potentials in dorsalmost collar regions with mini¬ 
mal hormone concentrations. The required gradient function is represented by curve 1 
of Figure 5. Reaction potentials for imposed (salmon) pigmentation processes are higher 
than are potentials for melanization from d to collar level 1, while from level 1 to v the 
relation between the two gradients is reversed. With increased hormone concentration 
all reaction potentials for salmon are increased (not necessarily uniformly) and we ob¬ 
tain curve 2: all collar loci between d and level 2 now react for salmon pigmentation, all 
loci from collar level 2 to v for melanization. Curve 3 represents the gradient of reaction 
potentials with a concentration of hormone just below the concentration required for 
complete displacement of melanization processes from the entire collar limb, only ven- 
tralmost regions (collar level 3 to v> Fig. 5) now having the higher reaction potentials 
requisite for maintenance of melanization. 

Actually, of course, we do not know the absolute reaction potentials for the gradient 
function represented cither by mm or by the three imposed curves associated with differ¬ 
ing hormone concentrations. We do know that alternative reactions occur dorsally and 
ventrally from precise loci in the primary gradient (collar levels 1, 2, and 3) at which 
limiting reaction potentials are equivalent in the secondary gradient functions, and we 
know also that increasing hormone concentrations must extend the imposed pigmenta¬ 
tion processes in dorsoventral order. These relations are satisfied by differential gradient 
functions of the order given in Figure 5. 

We have tacitly assumed in the foregoing treatment that the primary gradient values 
(abscissas of Fig. 5) and the secondary gradient function, mm, remain unchanged with 
differing hormone concentrations. This is probably not the case in breast feathers, and 
almost certainly not so in the saddle germ under the action of thyroxin. Nevertheless, as 
long as the general relationship between potentials for alternative pigmentation reaction 
is maintained in the form represented in Figure 5, the experimentally determined condi¬ 
tions for dorsoventral pigmentation are satisfied. 
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b) The ventrodorsal order .—The ventrodorsal order of pigmentation proceeds from 
ventral to dorsal limits of the collar with increasing hormone concentration, just the re¬ 
verse of pigmentation in the breast germ. We consider here only the medial (solidly 
black) vane-half of the secondaries. 

The required relation between secondary gradients representing reaction potentials 
is given in Figure 6. Abscissas indicate uniformly increasing values in the primary 
gradient from d to v; this is the same order of primary gradient differentials followed in 
Figure 5, but absolute values are presumably much higher in the present case in view 
of the relatively high growth-rates of regenerating secondaries. Reaction potentials are 
read as ordinates. Again we assume a proportionality between the secondary gradient 
function representing limiting reaction potentials for melanization and primary gradient 



Fig. 6 . —Differential gradient functions in the ventrodorsal order of pigmentation. Abscissas' uni¬ 
formly increasing piimary gradient values in dorsovential order (from d to t>), the same order represented 
in Figure 5, but absolute values understood to be higher. Ordinates: limiting reaction potentials, in¬ 
creasing from P to P*. Curve mm: reaction potentials for melanization. Curve 1: reaction potentials for 
imposed pigmentation at relatively low concentration of female hormone melanization is displaced from 
r to collar level 1 (reverse of dorsoventral order, Fig. 5) Curves 2 and 3 * gradients of reaction potentials 
for imposed pigmentation at two higher concentrations of female hormone, displacing melanization 
processes from ventral collar limit to levels 2 and 3, respectively. 

values, giving us the curve mm of Figure 6. A relatively low concentration of female 
hormone induces reaction in ventral collar limits, and we accordingly draw curve 1 more 
steeply than the curve mm. This simply means that the limiting or critical potentials for 
the hormone-induced reaction (stippling) increases relatively more rapidly than do the 
potentials for melanization with increasing values (reading from d to t>) in the pr imar y 
gradient. Given this particular differential proportionality between the secondary 
gradients, the induced pigmentation must appear at the ventral limit of the germ with 
mi nimal hormone concentrations, and it will be extended through the collar in ventro¬ 
dorsal order with increasing concentrations. Thus, in Figure 6 a relatively low hormone 
concentration establishes the reaction potentials of curve 1, with stippling over the range 
v to collar level 1. An intermediate concentration gives us curve 2, with stippling from 0 
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to collar level 2; and a relatively high concentration further raises the gradient of reac¬ 
tion potentials for induced pigmentation to the level of curve 3, with stippling imposed 
over the range v to collar level 3. Each of the three curves represents, of course, the 
stabilized gradient of reaction potentials established by a given concentration of hor¬ 
mone; with gradually increasing concentrations a continuous series of such gradients are 
imposed in the collar of the germ. 

A comparison of Figures 5 and 6 makes it dear that, in terms of differential gradient 
functions, dorsoventral (Fig. 5) or ventrodorsal (Fig. 6) pigmentation orders represent 
only differing proportionalities, at differing absolute values in the primary gradient, in 
the secondary gradients of reaction potentials determining alternative pigmentation 
processes. This is best seen by comparing the relative slope of curve 1 in each figure with 
the curve for melanization, mm, which it intersects: the relative slopes of these inter¬ 
secting curves represent the relative proportionalities between alternative reaction po¬ 
tentials over differing ranges of absolute values in the primary gradients (absdssas of 
Figs. 5 and 6). 

c) The complex order. —“Complex” pigmentation orders are inddent at a median poin t 
in the collar (A of Fig. 1) with minimal hormone concentration and proceed toward ven¬ 
tral and dorsal collar limits with increasing concentrations. The certain examples occur 
in the brown-black vane-halves of the secondaries, with inddence of the imposed pig¬ 
mentation at the boundary between brown and black reactions. We must, accordingly, 
begin with some relationship beween reaction potentials for the alternative pigmenta¬ 
tion processes of the normal feather. The most likely interpretation is that reaction 
potentials for these alternatives represent differential gradient functions in exactly the 
sense that experimentally imposed and “normal” reaction potentials have already been 
related. 

In Figure 7 absdssas indicate increasing values in the primary gradient from dorsal 
to ventral collar limits; ordinates represent reaction potentials. let the curve mm repre¬ 
sent the gradient of reaction potentials for melanization, and rr the gradient of reaction 
potentials for brown pigmentation. Melanization will then occur from the dorsal limit 
of the collar, d, to the intermediate position, h; and from h to the ventral collar limit, 
brown pigmentation processes are completed (d. Fig. 1). The fact that the boundary 
between brown and black approaches the shaft in the order of increasing growth-rates 
through the sequence of secondaries suggests certainly that some such purely quantita¬ 
tive relation determines alternative reactions. 

If now we suppose the gradient of reaction potentials for the hormone-induced pig¬ 
mentation processes (stippling) to be steeper than that for melanization, but less steep 
than that for formation of brown, the initial point of imposed pigmentation must occur 
at the boundary between brown and black reactions. This condition is satisfied in 
Figure 7 by any straight line taking its origin between m and r and passing through 0. 
The experimentally determined patterns suggest, however, that the concentration of 
hormone required for modification of the brown-producing collar regions is much less 
than that required for equivalent modification in the black-producing regions. We ac¬ 
cordingly draw ss through 0 to make the angle sor relatively small and the angle som 
relatively great. In other wordB, we represent the gradient of reaction potentials for in¬ 
duced pigmentation as differing rdatively little from the gradient of reaction potentials 
for brown pigmentation. If the two gradients of reaction potentials (for induced and for 
brown pigmentation) represented identical functions of the primary gradient, brown 
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should be displaced simultaneously from collar level h to the ventral limit of the collar 
with no appreciable displacement from h toward the dorsal limit (rr and m of Fig. 7 
would, in this instance, be identical). 

A second gradient of reaction potentials, established by a higher concentration of 
hormone, is indicated by curve 2 of Figure 7. Induced pigmentation processes have com¬ 
pletely displaced brown; and the order of displacement is from collar level h toward v, 
the ventral limit of the collar (dorso-ventral order). Melanization processes are dis¬ 
placed, however, over only the limited range h to collar level 2, and in ventrodorsal 
order. With a considerably higher concentration of hormone we obtain curve 3, leaving 



Fig. 7 . —Differential gradient functions in the “complex” order of pigmentation. Abscissas: primary 
gradient values in increasing dorBOventral order (from d to r). Ordinates: limiting reaction potentials, 
increasing from P to P f . Curve mm: reaction potentials for melanization in the normal feather. Curve 
rr: reaction potentials for brown in the normal feather. These two gradients of the normal reaction po¬ 
tentials, intersecting at 0, refer the boundary of normal brown-black pigmentation to the collar level A, 
corresponding to A of Figure 1. Curve ss: gradient of reaction potentials for minimal concentration of 
hormone effecting imposed reaction (stipple). Curves 2 and 3: gradients of reaction potentials for higher 
concentrations of hormone. Curve 2 completely displaces processes for brown pigmentation in dorso- 
ventral order (from h to t>)> and displaces melanization in ventrodorsal order (from h to level 2). Curve 3 
further displaces melanization in ventrodorsal order to collar level 3. 

only a dorsally limited collar region (level 3 to d, Fig. 7) in which melanization continues. 
Still higher concentrations of course displace melanization from this region also, produc¬ 
ing reaction for stippling through the entire extent of the collar. 

The plumage of the Brown Leghorn male or capon exhibits a wide range of pigmenta¬ 
tion combinations, only one of which—the brown-black combination in the secondaries— 
has just been considered in terms of differential gradient functions. A simple and wholly 
theoretical application of differential functions over a relatively great range of values in 
an assumed primary gradient will at least suggest a basis for the observed diversity of 
pigmentation combinations generally. 

Abscissas of Figure 8 indicate increasing values (from G to G f ) in an assumed primary 
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gradient; all values found in an array of collar limbs are included on this single axis of 
abscissas. Reaction potentials are read as ordinates. Let the curve wifn represent the 
gradient of reaction potentials for melanization, and curve rr the gradient of reaction 
potentials for an alternative pigmentation—say red in order to distinguish this theo¬ 
retical case from the Brown Leghorn pattern considered above. We assume that the 
general physiological conditions of the bird remain uniform, which is to say that the two 
gradients for alternative reaction potentials are stable for the case under discussion. 

In terms of Figure 8, then, all collar limbs with primary gradient values f allin g be¬ 
tween G and A', and A and A", must produce red pigmentation; all collar limbs with pri- 



Fig. 8 .—Theoretical relation between continuous differential gradient functions required for “re¬ 
verse” and complex pigmentation orders in different feathers. Abscissas: increasing values in primary 
differentials (from G to GO for an array of collar limbs. Ordinates: limiting reaction potentials. Curve 
mm: reaction potentials for melanization. Curve rr; reaction potentials for red pigmentation. All collar 
limbs with primary gradient values falling between G and h!, and h and A", can produce only red pig¬ 
mentation; all collar limbs with primary gradient values falling between h' and A, and A" and G, can react 
only for melanization. Collar limbs including h\ h, or A", corresponding to equivalent reaction potentials 
o', o and o", will exhibit complex pigmentation orders. Collar limbs dV, and d"v": red dorsally, black 
ventrally. Collar limb dv: black doraally, red ventrally. 

mary gradient values falling between A' and A, or A" and G', can react only for melaniza¬ 
tion. Any collar limb including the values A', A, or A", corresponding to equivalent reac¬ 
tion potentials o', o, or o", will produce complex pigmentation patterns. Collar limbs 
d'v' and d"v" must each react for red pigmentation from a median collar level, h' or A", 
to the dorsal limits of the collars, d f and d". From the same medial point, h! or A", to 
the ventral collar limits, v r and v", melinization takes place. Thus, at two extremes of 
primary gradient values we should obtain feathers with an identical complex pattern, 
a red central region with black marginal areas. The collar limits dv (Fig. 7) will also pro¬ 
duce a complex pigmentation pattern, but in this case the feather will have a black cen¬ 
tral region with red forming marginally, as brown does in the lateral vane-half of second¬ 
aries in the Brown Leghorn (Fig. $A). 
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4. DISCUSSION 

The obvious limitation in the foregoing interpretations of the several experimentally 
induced pigmentation orders is that we cannot define with precision the limiting reaction 
potentials treated as differential gradient functions. From this eventual point of view 
the representations given in this paper are formal, as they must remain to varying de¬ 
gree until our knowledge of physical and chemical processes constituting the chain of 
events from initial genic action to final deposition of pigment has been greatly ex¬ 
tended. In the meantime there is at hand the considerable body of physiologically sig¬ 
nificant relationships that are satisfactorily accounted for in principle. The identifica¬ 
tion and quantitative formulation of the postulated limiting reaction potentials becomes 
a main problem for future investigation. 

From a genetic point of view, however, the postulation of an independent gradient 
of critical reaction potentials for each pigmentation process is by no means an arbitrary 
assumption. In sexually dimorphic plumages, at least, the colors that can be produced 
by hormones are genetically represented in all cells of reactive follicles (Danforth, 1933). 
The same is presumably true of those pigmentation reactions that are independent of 
hormone action or below the threshold of hormone effect. Diversity of genetic resultants 
appearing as pigmentation alternatives must then be due to extra-genic differentials, and 
in the present paper these have been described as differential functions of primary 
gradients. This assumes, of course, differing reaction chains for differing pigmentation 
products. The existence of such differing reaction chains must certainly be granted 
wherever differing genic action is involved, for each gene or genic complex potentially 
capable of producing an independent or differentiated resultant must do so through a 
sequence of reactions differing in some degree from the series of reactions that can be 
attributed to any other gene or genic complex. 

Differential gradient functions represent the relationship between gradients of 
limiting or critical reactions in two such independently initiated reaction series. It 
is not necessary to assume that the action of a gene initiating a reaction chain is itself 
a function of primary gradient differentials; this may or may not be the case. It is only 
necessary to suppose that critical reactions in the series become subject to the primary 
gradients before completion of the pigmentation process. This may occur at any time 
after initial genic action, and must occur whenever the reaction chain involves processes 
(or substances) which are directly or indirectly functions (as distributions of rates, sub¬ 
stances, etc.) of primary gradient differentials. And, remembering the “discrete” genic 
initiation of alternative reaction series, it seems necessary to hold that component re¬ 
actions in each chain cannot ordinarily be identical functions of the primary gradients 
but will, on the contrary, exhibit a differential relationship of the order represented in 
the several figures previously considered. 

The order of pigmentation of feathers under varying hormone concentrations has been 
studied quantitatively in only a single bird, the Brown Leghorn, and in any detail for 
only certain of the feather tracts. The results obtained with this bird demonstrate 
beyond all doubt the fundamental role.of purely quantitative differentials in the local¬ 
ization of pigmentation reactions in the individual feather. This is true altogether apart 
from the interpretation placed upon the observed quantitative relationships. The fur¬ 
ther analysis of these differentials and the testing of hypotheses designed to interpret 
them call for application of the quantitative procedures of Lillie and Juhn to plumages 
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of differing genetic compositions. A comprehensive investigation of differing genetic 
compositions by these methods might reasonably be expected to throw some light on the 
mechanism of genic action as well as to clarify the nature of the differentials through 
which the localization of resultants is effected. 

5. SUMMARY 

t. Three orders of pigmentation induced in feathers of the Brown Leghorn male or 
capon with increasing hormone concentration are described. These are, in terms of loci 
in the collar of the developing germ: (a) the dorsoventral order previously described in 
detail by Lillie and Juhn; (6) the ventrodorsal order, which is completely the reverse of 
(a)\ and ( c ) a complex order, proceeding from a medial point in the collar toward both 
ventral and dorsal collar limits, 

2. These orders of pigmentation are interpreted in terms of differential gradient func¬ 
tions, that is, in terms of secondary gradients in the limiting reaction potentials for 
alternative pigmentation processes. Each of these secondary gradients, or gradient 
functions, is assumed to vary by differing proportionalities with a given change in pri¬ 
mary gradient differentials, which are assumed to remain always the same in direction 
although varying in absolute values in collar limbs of different germs. 
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SINGLE AND COMBINED EFFECTS OF CYANIDE AND METHYLENE 
BLUE ON RECONSTITUTION IN EUPLANARIA DOROTOCEPHALA 1 

(Eight figures) 

OUN RTJXON 

University of Chicago and Wayne University 

I T HAS long been known that cyanide exerts its chief effects on living protoplasm 
by inhibiting respiratory metabolism. It is also known that cyanide may retard 
cell division and growth. Certain experiments by various workers (Hug, 1932; 
Brooks, 1932,1933; Bodine and Boell, 1936,1937; and others) have shown that methy¬ 
lene blue, in certain concentrations, will antagonize the poisonous effects of cyanide and 
restore the normal respiration in whole adult animals and in developing embryos. In 
contrast with the effects of cyanide, methylene blue has been found, in certain cases, to 
increase the rate of respiratory metabolism above the normal. 

Child (1916) found that it was possible to alter and control the character of the head 
formed and the frequency of head formation in pieces of Euplanaria through the use of 
low concentrations of KCN. It was apparent from his experiments that cyanide not 
only inhibited the growth of new tissue but exerted inhibitory effects on other factors 
related to the reconstitutional process. With this work in mind the present research was 
undertaken in an attempt to determine additional effects of cyanide, the effects of 
methylene blue, and the combined effects of the two on reconstitutional development. 

MATERIAL AND METHODS 

The material used in this investigation was the common flatworm of the Chicago 
region, Euplanaria dorotocephala. The animals were usually kept in the laboratory for 
several weeks after collection and were not fed for approximately 2 weeks before the 
experiments were begun. Animals, 14-16 and 15-17 mm. in length, were used; and of 
these, only pieces from the anterior zooid between the mouth and head were tested. The 
pieces were approximately one-eighth the length of the entire animal, exclusive of the 
head, and were labeled from anterior to posterior: A, B, C, and D (Fig 1). In all experi¬ 
ments lots of 50 pieces from each region were used. These lots were obtained by section¬ 
ing 65 animals and selecting 50 pieces of most nearly the same size from each region. 
The pieces were then placed in the test solutions in i-liter flasks for varying intervals of 
time after section. All experiments in testing the effects of methylene blue and cyanide 
on reconstitution were controlled by the reconstitution of similar pieces in well water. 

Animals reconstituting in the test and control solutions were kept in the dark at 
room temperatures for the entire reconstitutional period. After the reconstitutional 
period, which lasted approximately 2 weeks, the animals were removed from the flasks 
and examined with a binocular microscope to determine the type of head and other re¬ 
constitutional phenomena. The different head types have been classified by Child 
(1911a, 19116,1911c, 1912,1914a, 19146,1916,1920,1924) on the degree of inhibition, 

1 Support for this work was provided from a grant by the Rockefeller Foundation in aid of research 
in the biological sciences at the University of Chicago. 
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and this classification is followed in this work. Briefly stated, the different types are: 
(1) norma ]—with triangular head, auricles at lateral margins, and two symmetrically 
placed eyes; (2) teratophlhalmic —with triangular head and auricles in normal position 
but with eyes showing all degrees of approximation to the median plane from two distinct 
eyes with pigment connected up to complete cyclopia; (3) teratomorphic —with head 
more or less rounded in outline and with auricles more or less anterior and showing all 
degrees of approximation to the median plane up to a single median auricle and with a 
single, or apparently single, median eye; (4) anophthalmic —with head rudimentary, 
without eyes, and with or without a single median auricle; (5) 
acephalic with head completely absent. 

Child and Watanabe (1935) have given a fairly reliable 
method for the evaluation of the approximate average degree of 
head inhibition of pieces from a particular level and of a given 
size. In this method each type of head is designated by an arbi¬ 
trary number that corresponds roughly to the degree of inhibi¬ 
tion. The arbitrary values of each type are as follows: normal, 

100; teratophlhalmic, 80; teratomorphic, 60; anophthalinic, 40; 
acephalic, 20. The head-frequency index (designated as “mean” 
by Child and Watanabe) is calculated for any particular lot 
of worms by multiplying the number of each head type by its 
arbitrary number and dividing the sum of all by the total 
number of living animals. It is easily seen that animals reconsti¬ 
tuting from A levels, which usually develop almost 100 per cent 
normal heads, will have an index approaching 100, while animals 
reconstituting from D levels, which usually give a high percent¬ 
age of strongly inhibited head types under control conditions, Fig. 1.—Levels A, £, 

will have an index approaching 20. C, and Dused in all head- 

Since many experiments in this laboratory by various work- 
ers have shown that a comparison of head-frequency indices mately one-eighth the 
of test and control experiments gives a reliable method for dis- length of the animal, 
ceming the effects of various agents on reconstitution, graphs exclusive of the head, 
showing the indices plotted against body-level are used through- rior t0 the^mouth 0 ^ 
out this paper in the presentation of the data. carded. 

EXPERIMENTAL DATA 

i. The effect of KCN on head frequency .—Ten different experiments were performed 
on different stocks of worms in an effort to determine additional effects of cyanide on 
head frequency. Each experiment involved 50 test and 50 control pieces from each of 
the four different levels. In the tests the pieces were placed in M/100,000 KCN im¬ 
mediately after section, and kept in this solution for 72 hours. After this initial exposure 
to the cyanide the pieces were transferred to well water for the remainder of the experi¬ 
mental period. (Pieces left in this concentration of KCN for the entire reconstitutional 
period are so pigmented and inhibited that it is next to impossible to catalogue the differ¬ 
ent head types.) 

In seven of lie ten experiments testing the effect of cyanide on head frequency, the 
controls showed a relatively high head frequency, while the remaining three showed a 
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considerably lower head frequency. The differences in head frequency in different stocks 
have been dealt with in previous work (Rulon, 1936). Of the seven experiments with a 
high head frequency in the controls, the tests in every case (in pieces from B ) C, and D 
levels) showed a lower head frequency. This is shown graphically in Figure 2. In the 
graph the reconstituted forms from the 350 control animals are averaged together to 
give curve L , while the 350 test animals are shown as curve M 2 

In the three experiments in which the controls showed a low head frequency, the tests 
behaved somewhat differently. Pieces from A , B, and C levels treated with cyanide give 



Fig a.—Combined data of seven experiments showing the effects of cyanide on head frequency of 
animals having a high head frequency in the controls. X—control. if—test. 

Fig 3. —Combined data of three experiments showing the effects of cyanide on head frequency of 
animals having a low head frequency in the controls. X-control Af—test. 

a lower head frequency than the controls, while pieces from D levels show a distinctly 
higher head frequency. This is shown graphically in Figure 3, in which the 150 test 
animals are shown by curve M and the control animals by curve L. 

2. The effect of methylene blue on head frequency .—In order to determine a suitable 
concentration, experiments were run in which intact animals were submitted to various 
solutions of the dye for different intervals of time. It was found, in general, that intact 

* All graphs are plotted with the head-frequency indices as ordinates and body levels as abscissas. 
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animals (14-16 mm. in length) could live for 2-3 days in 1/100,000 and for 5-7 days in 
1/200,000 solution. These animals became heavily stained, inactive, and strongly in¬ 
sensitive before cytolysis finally set in. Short pieces (one-fourths of the anterior zooid) 
were more susceptible to these concentrations; and, although they could live and recon¬ 
stitute in 1/500,000, the best results were obtained by allowing the pieces to stay in 
1/200,000-1/300,000 methylene-blue solution for 72 hours and then returning them to 
well water for the remainder of the reconstitutional period. At the end of 72 hours in 
the dye the pieces are deeply stained and are relatively insensitive to external st imuli . 




ABCDEABCDE 
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Fig 4.—Data of one experiment showing the effects of different concentiations of methylene blue on 
head frequency. control. 1/200,000 methylene blue foi 6ohouis. iV'=» 1/500,000 methylene blue 
for entire leconslilutional period. iV"=® 1/1,000,000 methylene blue foi entire reconstitutional period. 

Fig. 5.—Combined data of nine experiments showing the effects of 72 hours* exposure to 1/200,000- 
1/300,000 methylene blue on head frequency. L*control. IV** test. 


They retain considerable of their blue stain after return to water, and even 2 weeks later 
the gut cells may contain many blue granules. 

A comparison of long-time exposure to weak solutions and short-time exposure to 
stronger solutions of methylene blue is shown graphically in Figure 4. Fifty pieces were 
used for each level in the control and each test. Curve L represents the head frequency 
of the control in well water. The head frequency of animals reconstituting for the first 
60 hours in 1/200,000 methylene blue and for the remainder of the period in well water 
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is shown by curve N . Pieces reconstituting for the entire period in 1/500,000 methylene 
blue are shown by curve N' and for the entire period in 1/1,000,000 by curve iV". These 
experiments show quite definitely that methylene blue increases the head frequency over 
a range of concentrations but that short-time exposure to higher concentrations is more 
effective. 

Nine experiments were performed in which the tests were submitted to 1/200,000- 
1/300,000 methylene blue for the first 72 hours after section. In every case pieces from 
J 3 , C, and D levels treated with methylene blue gave a higher head frequency than the 




Fig. 6.—Combined data of two experiments showing the single and combined effects of 1/300,000 
methylene blue and M/100,000 KCN on head frequency of animals with a low-control head frequency 
after 72 hours’ exposure. .L—control. M ■■ cyanide. N ■■ methylene blue. 0 33 combined solution of cya¬ 
nide and methylene blue. 

Fig. 7. —Combined data of two experiments showing the single and combined effects of 1/300,000 
methylene blue and M/100,000 KCN on head frequency of animalu with a high-control head frequency 
after 7 a hours’ exposure. Z,—control. If—cyanide. JV—methylene blue. 0—combined solution of 
cyanide and methylene blue. 

controls for s imi lar levels. In general, pieces from lots with a low head frequency showed 
a greater increase in head frequency when treated with methylene blue than did pieces 
from lots that gave a high head frequency in the controls. In A pieces no effects of the 
methylene blue could be detected in head frequency, since pieces from this level in both 
the tests and controls reconstituted nearly 100 per cent normal heads. The head- 
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frequency indices of these nine experiments (450 control and 450 test animals) are 
averaged and shown graphically in Figure 5. Curve L represents the average head fre¬ 
quency of the controls; and curve N , the tests. 

It has been noted that many of the animals reconstituting after exposure to methylene 
blue appear somewhat swollen and in many cases considerably more pigmented than 
in the controls. These phenomena are of more common occurrence in pieces from the 
more anterior levels. 

3. The combined effect of methylene blue and KCN on head frequency .—Two series of 
experiments were performed in which stocks showing a low head frequency in the con- 



Fig. 8 .— Data of one experiment showing the effects on head frequency by 6 days’ exposure of intact 
animals to M/ioo,ooo KCN prior to section, and the recovery in well water and methylene blue after 
section. Animals treated with cyanide shown by broken lines. £** untreated control. U —cyanide- 
treated animals reconstituted in well water. N » untreated methylene blue. N* =cyanide-treated animals 
exposed to methylene blue after section. 

trols were used (Fig. 6, curve L). Such animals gave results similar to those shown in 
Figure 3 when treated with M/100,000 KCN for 72 hours after section (Fig. 6, curve M). 
It will be noted that the head frequency of animals from A , B, and C levels is below, and 
of D level above, that of the controls. Similar pieces treated with 1/300,000 methylene 
blue show a tremendous increase in head frequency at B } C, and D levels (Fig. 6, curve 
N). Pieces submitted to the combined solution (M/100,000 KCN; 1/300,000 methylene 
blue) for 72 hours after section gave very interesting head frequencies (Fig. 6, curve 0 ). 
It is to be noted that A pieces show a definitely lowered head frequency when treated 
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with this combination. The head frequency of animals from B pieces is higher than that 
of animals which have been treated with KCN alone but lower than the controls. The 
head frequencies of C and D pieces are distinctly higher than the controls or those 
treated with KCN. 

Two series of experiments were performed in which the stocks showed a relatively 
high-control head frequency (Fig. 7, curve I). These animals gave results similar to 
those shown in Figure 2 when treated for 72 hours with M/100,000 KCN, in that the 
head frequencies of pieces from B, C, and D levels are below the controls (Fig. 7, curve 
AO- Methylene blue, as in all other experiments, increased the head frequency of pieces 
from By C, and D levels. The combined solution (M/100,000 KCN; 1/300,000 methylene 
blue) gave results, however, that were considerably different than those from stocks 
which show a low head frequency in the controls. Pieces from A level were apparently 
unaffected, while B, C, and D pieces gave head frequencies below those of cyanide alone 
(Fig. 7, curve 0 ). 

One series of experiments was performed in which a lot of 15-17 mm. worms, showing 
a very high head frequency in the controls, was placed in M/100,000 KCN for 6 days 
prior to section. After this initial exposure of intact animals to the cyanide solution, 
they were sectioned, as in the preceding experiments (anterior zooid cut in fourths). 
The pieces from the different levels were then allowed to reconstitute (1) in well water 
and (2) in 1/200,000 methylene blue for 72 hours and then in well water. Equal num¬ 
bers (50 worms for each test and control) of the same size and from the same stock, but 
without the cyanide treatment, were allowed to reconstitute in well water and 1/200,000 
methylene blue (72 hours). The head frequency data of this experiment are shown 
graphically in Figure 8. The animals treated with cyanide prior to section are repre¬ 
sented by dotted lines, while those untreated with this agent are shown by solid lines. 
It is readily seen that animals treated with cyanide before section and then allowed to 
reconstitute in well water (curve L l ) show a distinctly lower head frequency at S, C, and 
D levels than untreated animals in well water (curve L). Likewise, cyanide-treated 
animals reconstituting for 72 hours in methylene blue show a lower head frequency 
(curve N 0 than untreated animals with the same exposure to methylene blue (curve N ). 
The important point to consider in this experiment, however, is the fact that methylene 
blue increases the head frequency of cyanide-treated worms over the treated worms 
which have reconstituted in well water. In other words, methylene blue appears to 
partially antagonize the effects of an initial exposure to cyanide. 

DISCUSSION 

It has been pointed out in previous work that, under normal conditions, at least two 
different factors determine whether or not short transverse pieces will reconstitute a 
head. The first of these factors has to do with the anteroposterior gradient of the intact 
animal. When a single section is made in Euplanaria at any level, a new head will be 
reconstituted. In other words, if the anterior portion of the animal is removed, a new 
head will grow on the posterior portion. The rate of reconstitution of the new head is 
dependent upon the level at which the section is made (Watanabe, 1935a). When the 
section is made at the anterior level of the first zooid, the rate is more rapid than when 
the section is made at a more posterior level of the same zooid. Such experiments show 
an anteroposterior gradient in rate of head development. 
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The second factor affecting head development is of a different nature. When short 
transverse pieces from the different levels reconstitute, it has been found that pieces of 
the same size but from different levels will not reconstitute in a like manner. Pieces, one- 
eighth the length of the intact animal, from a region just posterior to the head, will 
usually reconstitute almost 100 per cent normal heads; but pieces of the same length 
from more posterior levels of the same zooid (D pieces) usually reconstitute a high per¬ 
centage of headless forms or forms with inhibited heads. It has been pointed out in 
previous work that the inhibition of heads in short transverse pieces is due to some fac¬ 
tor or factors which arise at the posterior cut surface of the piece. This head-inhibiting 
factor may last for several days during the early stages of tail formation. Child and 
Watanabe (1935) and Watanabe (19351) have shown that the head-inhibiting factor is 
probably conducted from its posterior point of origin to the head-forming region by way 
of the ventral nerve cords. If the head-inhibiting factor can be blocked or eliminated, or 
the head-forming cells near the anterior cut surface be given a start in the reconstitutional 
process (i.e., by delaying posterior section by 12 hours or more), animals with normal 
heads may be caused to reconstitute from short pieces of any level. 

Since the rate of head formation iB highest at more anterior levels, it has been sug¬ 
gested that the reason short pieces from anterior levels reconstitute normal heads while 
pieces of the same size from more posterior levels do not is because the more active head- 
forming regions of the anterior pieces may get out from under control of the posterior 
inhibiting factors, whereas the less active head-forming regions of posterior pieces are 
unable to do so. Of course, since we have no way for complete analysis, it may equally 
be true that the posterior head-inhibiting factor may be more active at the more pos¬ 
terior levels. 

A large number of different agents have been used to increase the head frequency of 
short posterior pieces of Euplanaria by blocking, or in some manner decreasing, the ac¬ 
tion of the posterior head-inhibiting factor (Child, 1916; Buchanan, 1922; Hinrichs, 
1924; Rulon, 1936, 1937; Miller, 1937). Evidence has also been presented which indi¬ 
cates that head frequency may be increased through the stimulation of the head-forming 
cells. Various agents, such as metabolic end-products, ethyl alcohol, dilute cyanide 
(Child, 1911a, 1912,1916), anesthetics (Buchanan, 1922), and caffeine (Hinrichs, 1924), 
may decrease the head frequency of pieces from anterior levels and long pieces with cer¬ 
tain exposure periods and concentrations. This inhibition is apparently due to a direct 
inhibitory effect of the agent on the head-forming cells, the different types of inhibited 
heads indicating that the most active regions are the most retarded in development. 

Child and others have also found that, while cyanide and other agents may lower the 
head frequency of short anterior pieces, it may, at the same lime, increase the head fre¬ 
quency of more posterior pieces. This increase is apparently due to partial elimination 
or blocking of the posterior inhibiting factor, while the head-forming cells, because of 
their normal lower activity, are less susceptible than the head-forming cells of more 
anterior regions. 

In our experiments it has been found that different stocks, apparently because of a 
difference in physiological condition, respond somewhat differently to cyanide treat¬ 
ment. Animals which show a relatively high head frequency in the controls (Fig. 2) 
show a lowering in head frequency in pieces from B, C, and D levels. This decrease is 
particularly marked in C and D pieces. On the other hand, A pieces are apparently not 
affected by the treatment. It must be remembered, however, that the pieces were in the 
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agent for only 72 hours after section and that at the end of this time they were returned 
to well water. (If they had been kept for the entire period in the cyanide solution, very 
little, if any, new tissue would have developed.) Apparently, after the 72 hours* initial 
exposure the A pieces, presumably because of their initial higher activity, were able to 
recover, while more posterior pieces were unable to do so. These data then appear to 
support Child’s hypothesis of differential recovery. At the same time, these data show 
the direct inhibitory effect of cyanide on the head-forming cells of pieces from the pos¬ 
terior levels. 

Stocks which show a low head frequency under control conditions behave somewhat 
differently when pieces from the different levels are exposed to cyanide for 72 hours 
(Fig. 3). Pieces from A , B t and C levels respond by showing a slight but definite decrease 
in head frequency. Pieces from level D } however, show an increase in head frequency. 
Apparently, in these stocks A pieces, because of a different physiological condition, are 
unable to recover fully from the inhibitory effects of the agent. In D pieces the head 
frequency is apparently increased by a blocking or partial elimination of the posterior 
head-inhibiting factor, while the head-forming cells, because of a low activity at this 
level, are not inhibited as strongly by the direct action of the agent. From a considera¬ 
tion of all data it would then appear that the chief effect of cyanide is the inhibition of 
growth in the head-forming region, although other factors may enter in which tend to 
obscure the situation. 

In considering the effects of methylene blue on head frequency in short transverse 
pieces of Euplanaria , it was found that in every experiment methylene blue brought 
about an increase in head frequency in pieces from B } C, and D levels. It was also found 
that stocks with a low head frequency in the controls were affected to a greater extent 
by this agent than were stocks with a high head frequency. At first it was thought that 
methylene blue was acting on planarian tissue in a manner directly opposite to that of 
cyanide. In other words, cyanide lowered the activity of the head-forming cells while 
methylene blue increased this activity. This assumption may be true in part, for no 
experiments have as yet been performed testing the respiratory metabolism of the pieces 
exposed to these two different agents. From the reconstitutional standpoint, however, 
it appeared that methylene blue, in the concentrations used, acted more as an inhibitory 
agent. Pieces treated with 1/200,000-1/300,000 methylene blue did not appear to have 
been stimulated as regards reconstitution. This was particularly true of pieces from the 
more anterior levels, where the amount of new tissue and the size of the eyespots ap¬ 
peared to be less than in the controls. Likewise, the pigmentation often appeared dark 
and diffuse, a condition commonly found in slightly inhibited worms. Another phe¬ 
nomenon resulting from methylene-blue treatment was that the reconstituted animals 
often appeared swollen and presented a blue, granulated appearance in the region of the 
gut. 

It must also be remembered that 1/200,000-1/300,000 methylene blue will kill the 
pieces if they are allowed to remain in such a concentration much longer than 3 days. 
It has been pointed out that intact animals can survive from 5 to 7 days in 1/200,000 
methylene blue but become heavily stained, inactive, and strongly insensitive before that 
time. Pieces become heavily stained, inactive, and insensitive by 3 days’ exposure— 
phenomena which appear to result from an inhibitory, rather than a stimulating, action. 
Because of these and the foregoing observations it seems not unlikely that the increase 
in head frequency of pieces submitted to methylene blue for 72 hours may be due to an 
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elimination or blocking of the factors inhibiting head formation which have their origin 
at the posterior cut surface. 

With methylene blue increasing head frequency and with cyanide, in general, lower¬ 
ing head frequency, it might be expected that the two different agents acting together 
would bring about a head frequency somewhere between that which would appear when 
the two were used separately. In other words, these two agents might mutually an¬ 
tagonize each other in their effects on reconstitution, To some extent this prediction has 
been borne out, but it certainly does not hold in many cases. In stocks which show a low 
head frequency in the controls (Fig. 6), the combined solution determines a head fre¬ 
quency of pieces from B, C, and D levels which is above that when cyanide alone is used 
and below that of methylene blue (Fig. 6, curve 0 ). In A pieces, however, the combined 
solution determines a head frequency that is definitely lower than with cyanide alone. 
In animals which show a high head frequency in the controls (Fig. 7) the combined solu¬ 
tion produces a head frequency of B, C, and D pieces which is slightly below that of 
cyanide alone, while A pieces are apparently unaffected. 

The interpretation of these data is not easy, and the following suggestions may not 
be entirely correct. If we assume, however, that the chief effect of cyanide is by direct 
action on the head-forming cells and the chief effect of methylene blue is in blocking or 
eliminating the posterior head-inhibiting factor, then we can offer at least a partial ex¬ 
planation. We have seen that, in all cases where methylene blue alone is used, the head 
frequency is increased at all levels with the exception of A, which already is producing 
the maximum. When cyanide is used with methylene blue, in all cases (with the excep¬ 
tion of A pieces in animals with a high head frequency) the head frequency is consider¬ 
ably lower than with methylene blue alone. It has been noted that the cyanide-meth¬ 
ylene-blue solution stains the pieces just as intensely (or apparently as intensely) as 
methylene blue alone. This being the case, there seems to be no reason why the meth¬ 
ylene-blue complement of the cyanide-methylene-blue solution should not block or 
eliminate the posterior head-inhibiting factor. With the head-inhibiting factor blocked, 
the head-forming cells would be released and would tend to grow if it were not for the 
cyanide. With the cyanide present in the solution, however, the head-forming region, 
although released from the posterior inhibiting factor, is inhibited directly by the cya¬ 
nide. Worms which show a low head frequency are in a different physiological state 
from those with a high head frequency. Apparently, when the head-forming regions of 
pieces with a higb-control head frequency arc partially released from the effect of pos¬ 
terior cut surface, the reaction to cyanide is more intense than with pieces which show 
a low head frequency, as might be expected if increased cellular activity results. Only 
with this assumption can we explain why B, C, and D pieces of stocks which show a high 
head frequency show a greater decrease in head frequency with the cyanide-methylene- 
blue solution than with the cyanide alone. As regards A pieces, it has been found that in 
stocks with a high head frequency these levels are not affected by either cyanide or 
cyanide-methylene-blue solutions (Fig. 7). In this case it maybe suggested that, because 
of a higher activity of the level, A pieces are able to recover from the 72 hours’ initial 
exposure. In stocks with a low-control head frequency, A pieces are slightly inhibited by 
cyanide; and with the cyanide-methylene-blue solution they are even more inhibited. 
Apparently, in this case a release of any posterior effect plus the direct effect of cyanide 
gives such an intense reaction that complete recovery does not occur. 

The experiments in which the intact animals were submitted to cyanide for 6 days 
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before sectioning and then allowed to reconstitute in methylene blue for 72 hours after 
section are of interest in that methylene blue restores, in part, the normal (control) 
head frequency in the cyanide-treated animals. Whether methylene blue in this case 
causes a direct increase in metabolism of cyanide-inhibited animals, a stimulation 
antagonizing the toxic effect of the cyanide, or an increase in head frequency by block 
or elimination of the posterior factor, can only be determined by further experiment. 

SUMMARY 

1. Pieces (one-eighth the length of the intact animal) from jB, C, and D levels of 
14-16-mm. worms, which under control conditions give a high head frequency, give a 
lowered head frequency when exposed to M/100,000 KCN for 72 hours after section. 

2. In animals with a low-control head frequency in pieces from the posterior levels 
of the anterior zooid, exposure for 72 hours to M/100,000 KCN results in a lowered head 
frequency of pieces from A, B, and C levels but an increased head frequency of pieces 
f om D level. 

3. Methylene blue, in concentrations of 1/1,000,000 for the full reconstitutional 
period to 1/200,000 for 60 hours after section, caused an increase in head frequency of 
B } C, and D pieces in all experiments. 

4. In animals which show a low head frequency in the controls, an exposure of 72 
hours to a combined solution of 1/300,000 methylene blue plus M/100,000 KCN de¬ 
termines a head frequency of pieces from jB, C, and D levels above that for cyanide and 
below that for methylene blue alone. This combination also lowers the head frequency 
of A pieces to a greater extent than does cyanide alone. 

5. In animats which show a high head frequency in the controls the combined cya¬ 
nide-methylene-blue solution determines a head frequency in pieces from B } C, and D 
levels which is below that for cyanide alone, while A pieces are apparently unaffected. 

6. Animals (with a high-control head frequency) treated with M/100,000 KCN for 
6 days, sectioned, and allowed to reconstitute in well water show a marked decrease in 
head frequency in pieces from B, C, and D levels. Similar animals, sectioned and allowed 
to reconstitute in 1/200,000 methylene blue for 72 hours, show an increase in head fre¬ 
quency over those allowed to reconstitute in well water. 

7. The evidence indicates that the action of cyanide on reconstitution in Euplanaria 
is chiefly through an inhibition of the head-forming cells, while methylene blue probably 
acts chiefly by blocking or eliminating head-inhibiting factors which arise at the pos¬ 
terior cut surface. 
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STUDIES ON HETEROPLASTIC TRANSPLANTATION IN TRICLADS 
I. CEPHALIC GRAFTS BETWEEN EUPLANARIA 
DOROTOCEPHALA AND E. TIGRINA 1 
(Ninety-eight figures) 

JAKES A. KILLER 

Univeisity of Chicago and Marine Biological Laboratory 

I T IS commonly recognized by experimenters that by the production of abnormal 
relationships between parts it is often possible to isolate some of the factors which 
operate in the development and maintenance of the normal characteristics of 
organisms. The large volume of work on extirpation, explantation, and transplantation 
is evidence of the possibilities of this type of experimental procedure. 

In the study reported here, interspecific transplantation among triclad flatworms 
was selected as a method of studying certain phases of “dominance,” a phenomenon 
which has been recognized in the zoology laboratory of the University of Chicago for 
the last quarter of a century (Child, 1911a) and has recently come to the attention of 
embryologists in various parts of the world (Huxley and de Beer, 1934; Huxley, 1935; 
Weiss, 1935; Strelin and Trifonova, 1935). For a brief review of the characteristics of 
the dominant region of the simpler invertebrates see J. A. Miller (1937). 

Most of the earlier workers on transplantation in the lower invertebrates have been 
concerned with problems other than those attacked here. However, numerous instances 
of dominance may be gleaned from their data. Among coelenterates, Browne (1909) 
found that small pieces of the hypostome region of Hydra will determine a new apical 
region in the host and modify its polarity. Rand, Bovard, and Minnich (1926) confirmed 
these results and demonstrated the “inhibitory dominance” of such a graft. Mutz 
(1930), using Pdmatohydra and Hydra, showed that the effects are not species specific. 
Burt (1934) found a gradient in the ability of grafted rings of tissue from different levels 
of Pdmtohydra oligactis to dominate the host. Child (19296,1932) studied dominance 
in Corymorpha by means of grafting. In this form pieces from all levels may induce a 
new hydranth and stalk, but distal pieces are most potent. It is not even necessary to 
implant any tissue, for laceration of the edges of an incision is sufficient stimulus to cause 
the cells in the vicinity to produce a hydranth (Child, 1927,19296). 

Among the flatworms, Moretti (19x1), using Planaria torva, found that only grafts 
of the head could persist and maintain the autonomic movements. He figured and de¬ 
scribed cases of inhibition of regeneration after removal of the host head and of induction 
of a pharynx by grafts of the cephalic region but did not discuss than. Rand and Browne 
(1926) reported four cases in Euplanaria tigrim (syn. Planaria maculata [Kenk, 1935]) 
in which there was no regeneration of the host head after its removal dose to a cephalic 
graft. Gebhardt (1926) reported a few cases in Planaria lugubris in which there were 
outgrowths of the body as a result of grafting. Goetsch (1926,1929) found that a graft 

1 The writer wishes to express very great appreciation for the interest and inspiration of Professor 
C. M. Child in this work, ss well as for proposing this line of investigation and for helpful suggestions 
during its progress. 
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of a regenerating head could prevent the development of a host head and eventually take 
its place. When a small portion of the host was isolated with the graft, it not only pre¬ 
vented development of head and tail but seemed to grow at the expense of the host. 
Santos (1929, 1931) has made the most complete study of dominance by the grafting 
technique. He found that ganglionic grafts of Euplanaria dorotocephala in prepharyngeal 
regions could induce the development of postcephalic structures. In pharyngeal regions 
they might induce a pharynx, and in postpharyngeal regions two pharynges might be 
induced with the one anterior to the graft in reversed polarity. The indications were that 
the ability of the graft to inhibit the regeneration of a host head depends upon the level 
of implantation. These effects were not species-specific, for heteroplastic transplants be¬ 
tween E, dorotocephala and E. tigrina gave the same results. Qraf ts other than from the 
head did not possess this reorganizing power. 

Steinmann (1933), using Dendrocodum lacteum , reported a case in which a ganglionic 
graft placed in the tail developed two small pharynges and more or less complete sets of 
reproductive organs. Finally, Okada and Sugino (1934) reported cases of dominance of 
host by graft in the Japanese Planaria gonocephala , in which not only pieces containing 
the cephalic ganglia but also those from between the head and pharynx could induce 
pharynges in postpharyngeal regions of the host. 

In the experiments reported here heteroplastic transplants were used as a means of 
distinguishing between implant and host in order to secure more exact data on the re¬ 
generation of the graft, the ability of grafts from various levels of the donor to maintain 
themselves, the differences in inductive capacity of grafts from various levels, and the 
differences in resistance of various host levels to the domination of grafts. 

MATERIAL 

The animals used in these experiments were E. dorotocephala 9 collected in spring-fed 
streams near Rockford and Cary, Illinois, and Valparaiso, Indiana; E . tigrina (Kenk, 
19355 syn. P, inacuktia) from Valparaiso; and E, tigrina novangliae 1 from a pond in Fal¬ 
mouth, Massachusetts. These three forms are closely related anatomically and proved 
well adapted to the requirements of the experiments reported here. Takes were readily 
secured; yet there were sufficient external differences to distinguish between graft and 
host tissues, a fact which permitted accurate data on the fate of the graft and on its in¬ 
ductive capacity. Most of the transplantations were between E. dorotocephala and 
E. tigrina novangliae . 

The external differences by which these three forms may be distinguished are listed 
below. They consist of differences in size, shape, pigmentation, and appearance of the 
digestive tract and of the photoreceptors. Euplanaria dorotocephala (PL I, Fig. 1) is the 
longest of the three; E. tigrina (Pl. I, Fig. 2), the shortest; and P, tigrina novangliae (PL 
I, Fig. 3), the widest. There are consistent differences in shape of head. The head of 
E. dorotocephala is pointed with long “auricles” and a slight constriction in the “neck 
region”; that of JE. tigrina is blunt with short and very wide “auricles” and with very 
little constriction in the “neck region.” 

With respect to pigmentation the three forms are quite distinct. The pigment of 
E. dorotocephala , almost black in nature and dark to light brown when kept in the labora- 

1 Euplanaria tigrina and E. tigrina novangliae are so closely related that Kenk (1935, p. 8$) stated that 
“the copul&tory organs afforded no means of discriminating between them 11 but that on the basis of the 
external differences they may possibly be subspecies. 
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tory, is distributed over the surface of the animals in small, dark granules against a 
brown or tan background. The ventral surface is a grayish hue because of the lighter 
background than that on the dorsal surface. The dorsal surface of E. tigrina (as repre¬ 
sented at Valparaiso, Indiana) is finely maculated with yellowish-orange pigmented 
areas against a tan background. The ventral surface of this form is white with gray pig¬ 
ment areas, giving a light-gray effect. The coloration of E. tigrina novangliae is very vari¬ 
able; therefore, only one type was used in these experiments. The dorsal surface of this 
type is characterized by large pigmented areas, some of which are light and some of which 
are dark brown, interspersed with occasional colorless areas, and by a mid-dorsal light 
stripe, along each side of which there is an irregular row of darker spots. The ventral 
surface of these planarians is much darker than that of E. tigrina maculata and has a 
brownish tinge. 

The photoreceptors of the three can be distinguished by the differences in the size and 
shape of the unpigmented areas. Those of E. dorotocephala are elongated and set in such 
a fashion that the anterior parts are closer together than the posterior. Those of E 
tigrina are very large and are placed with their axes parallel to each other. The cres¬ 
centic pigmented areas of the photoreceptors are completely visible in this form. In the 
case of E. tigrina novangliae the unpigmented areas are less perfectly oval, are smaller, 
and do not completely expose the pigmented areas. 

The branches of the digestive tract of living planarians may be readily observed by 
allowing the animals to feed on clotted or dried blood. Those of E. dorotocephala are 
characterized by extensive anastomoses and by the formation of accessory longitudinal 
trunks in connection with both anterior and posterior rami of the intestine fHyman, 
7925). On the other hand, the branches of the intestine of E. tigrina are more regular and 
do not develop the anastomoses and accessory trunks such as are characteristic of the 
other species. 

Preliminary transplants were made according to the method described by Santos 
(1931); however, it was found that the degree of anesthesia could be more easily con¬ 
trolled and that recovery was more rapid when a physical agent (low temperature) was 
used instead of a chemical one (chloretone). Likewise, it became apparent that the use 
of rectangular grafts containing the same volume of tissue as the triangular ones used 
by Santos resulted in a higher percentage of “takes,” since incisions of this shape had 
less tendency to cause the host to tear apart at the angles. With these modifications, 
very high percentages of unions were obtained, usually between 75 and 100 per cent. 

PROCEDURE 

Except in cases in which grafts were made in the cephalic region the prospective hosts 
were decapitated from 2 to 4 hours before operation in order to reduce their activity. 
The recipient was placed, together with a small amount of well water, on a clean, grease- 
free glass square resting on a pan of ice from a refrigerator. When the host was sufficient¬ 
ly anesthetized, a rectangular window was removed with the aid of two very sharp half- 
spear dissecting needles under a low-power (55-mm. objective) binocular microscope. 
Because of the strong contraction of the cut surfaces, it was found necessary to make 
the graft considerably smaller than the window into which it was to be placed. It was 
placed in the desired orientation, and the excess water drained off the plate. Then a 
Petrie dish with vasdined edges was inverted over the plate, making an airtight chamber. 
This was placed in the dark for 8-12 hours, after which the “takes” were transferred 
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to finger bowls with approximately 200 cc. of well water, and were measured and recorded. 
At this time controls from the same stock were cut with windows as nearly like those of 
experimentals as possible, but no graft was inserted. Both experimental and control 
animals were fed beef liver or dried blood, and the water was changed twice a week. 
Subsequent observations were made at weekly intervals. Certain of the specimens were 
killed in a 0.5 per cent solution of HN 0 3 and fixed in a saturated solution of HgCl a in 
a 0.6 per cent solution of NaCl (Willier, Hyman, and Rifenburgh, 1925). A report of 
the histological study of these grafts will be made at a future date. 

Large specimens of the three forms were used. Those of E> dorotocephala were between 
17 and 22 mm. in length; those of E. tigrina between ti and 14 mm.; and those of 
E. tigrina novangliae between 11 and 16 mm. The grafts usually ranged in size from 
0.8 X t.o mm. to 1.1 X 1.3 mm. The few that were smaller occasionally were resorbed, 
while in larger ones the frequency of takes was low. 

Three regions of the body were selected for study: the head region, which contains 
a concentration of nervous elements; the pharynx, which contains highly differentiated 
muscular and nervous elements; and the tail, which is the actively growing but least 
differentiated portion of the animal. Grafts were taken from each of these regions of the 
donor and transplanted into each of three regions of the hosts. All possible combinations 
of dorsal and ventral with anterior and posterior surfaces of graft and host were made. 

In order to make the results comparable, grafts were cut from, and implanted into, 
as nearly the same levels as possible. All cephalic grafts and windows in the hosts were 
cut with the anterior surface just in front of the unpigmented areas of the eyes; pharyn¬ 
geal grafts and windows were cut to include the muscles attaching the proximal end of 
the pharynx to the body wall. Tail grafts and windows were cut from the most posterior 
tips of the tail. They were made slightly wider at the anterior end to include as much 
of the growing region as possible. In addition, 20 cephalic grafts were implanted just 
behind the eyes for comparative purposes. In this report only the results of grafts from 
the cephalic region will be discussed. 

Since neither the head nor tail levels of this study corresponded exactly to the regions 
used by Santos (1929, 1931), a different terminology has been employed in referring to 
them. The head grafts in this study did not contain the entire ganglionic region and 
therefore are called “cephalic,” rather than “ganglionic,” grafts. Similarly, the most 
posterior level used is designated as the “tail” region, and grafts from it as “tail grafts,” 
because they were located more posteriorly than the postpharyngeal level of Santos. 
The “tail” represents the more posterior levels of the posterior zooid region. The 
terminology used in describing the orientation of the grafts is a modification of that 
introduced by Harrison (1921) and widely used in amphibian experiments. When the 
dorsoventral axes of graft and host coincided, the implant is referred to as a “dorso- 
dorsal”; when reversed, it is called a “dorsoventral.” When the anteroposterior axes co¬ 
incided, the graft is an “anteroanterior”; when reversed, an “anteroposterior.” 

Records were kept on mimeographed sheets with columns for date, measurements 
(graft length and width; host length and width), drawings, and notes. The notes con¬ 
sisted of observations on the extent of union between graft and host, the development 
of the transplant, the behavior of host and graft, and feeding responses. In the more 
recent experiments the weekly drawings were supplemented by photographs taken with 
a Leica camera and a 1:1 copying attachment. In most cases the outlines of the diges¬ 
tive tract were recorded after feeding the specimens dried blood. 
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EXPERIMENT AX 

GENERAL OBSERVATIONS ON GRAFTS AND CONTROLS 

A total of 412 cases of successful transplantation of ceplialic pieces were studied. Of 
these, 105 were placed in the head region, 20 in the anterior prepharyngeal region, 113 
in the pharyngeal region, and 174 in the tail. No species differences in inductive potency 
of grafts or in resistance to induction by the host, as indicated by Santos (1931), were 
noted. For this reason, and in order to avoid excessive length in the experimental sec¬ 
tion, no distinctions between species will be made in the descriptions. 

Takes .—Although in all types of transplants reported here 100 per cent takes were 
obtained upon occasions, in general union occurred more commonly with E. tigrina as 
host than with E. dorotocephala. Of the three host regions employed, the tail gave the 
lowest percentage of takes and the head the highest. Of the four cut surfaces of the graft, 
the anterior united with the host the least frequently and the posterior the most. 

Behavior .—Implants in the head in dorsodorsal anteroanterior orientation which 
united by all surfaces oftenbecame immediately incorporated into the host, and normal be¬ 
havior of the host became re-established within 12 hours after operation. When possessing 
a free surface or placed in other orientations, grafts in the head usually maintained their 
own individuality but did not extend their dominance appreciably into the surrounding 
tissue. On the other hand, when placed in the pharynx region, cephalic grafts controlled 
the movements of more posterior portions of the host but were unable to gain ascendancy 
over the more anterior regions. The orientation and degree of union did not greatly 
affect the ability of grafts to control host movements when placed in the pharynx or 
tail. Cephalic grafts placed in the tail region controlled the movements of the host both 
anterior and posterior to the level of implantation. 

When two or more heads were present in the same animal, as was the case in most of 
the experimental animals, considerable difficulty was experienced in inducing the worms 
to feed. The stimulation by food was considerably greater in these than in normal 
worms; and, though they would crawl over the food again and again, the pharynx was 
unable to start feeding before being dragged off by the very active heads. In some cases 
it was possible to induce these animals to feed by covering the containers with a black 
doth. In the absence of stimulation of the photoreceptors the activity of the heads was 
suffidently reduced to permit the institution of feeding-responses by the pharynx. 

Regeneration .—In all levels a free surface was necessary for regeneration of the normal 
head shape by the implant. The free surface likewise determined its polarity, with modi¬ 
fications up to 180 0 not uncommon. 

Union of the digestive tracts .—Union of the intestinal diverticula of the graft with those 
of the host was necessary for the persistence, as well as for the growth, of the graft. 
However, even in starving grafts, regeneration of lost parts from a free surface occurred, 
and the ability to induce host structures was not appredably reduced. 

Disintegration of host tissues in the neighborhood of implants. —In certain grafts in the 
head, prepharyngeal, and pharyngeal regions disintegration of tissue anterior to the 
level of implantation occurred. In most of these cases no food was observed, after feed¬ 
ings, in the regions where disintegration occurred later. In the rest, the digestive tracts 
in the affected regions reunited with small side branches and often received little or no 
food. In all, the typical changes which have been observed in starving planaxians (in¬ 
cluding disintegration of the head) were noted. Accordingly, it is suggested that the 
disintegration of the heads in these cases might have been caused by starvation. 
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In many of the cases in which union of graft and host was only partial, sooner or later 
the host tissue on one side of the graft disintegrated and the implant which had pro¬ 
jected dorsally from the host came to lie in the same plane as the host. Disintegration 
of this localized area is thought to have occurred as a result of the activities of the graft, 
which, in applying itself to the substrate, constricted the host tissue lateral to it. Wheth¬ 
er disintegration was due to mere mechanical pressure or to some secondary effect of the 
constriction, such as interference with food supply and waste-removal, cannot be said. 

Controls .—In the controls, in which a window was made but no graft was inserted, 
the cut surfaces united within a few hours after the operation. In the head the anterior 
and posterior surfaces usually united, while in the pharyngeal and tail regions it was 
the lateral surfaces of the windows which fused. Usually within 2 weeks new tissue had 
filled in the injury completely, and the structures which had been removed were replaced. 
There were very few exceptions to this procedure; they will be treated in their appropri¬ 
ate places in the sections which follow. 

GRAFTS IN TEE HEAD REGION (105 CASES) 

Dorsodorsal anteroanterior orientation of graft (24 cases ).—The behavior of cephalic 
grafts implanted in the head region depended principally upon their orientation and the 
degree of union with the host. When both dorsoventral and anteroposterior axes coin¬ 
cided, grafts and hosts united along all surfaces (22 of 24 cases). Within 12 hours after 
operation the experimental animals were observed to crawl normally and react normally 
to food; whereas in the case of the controls, normal locomotion and feeding responses did 
not appear until regeneration had proceeded as far as the development of approximately 
the normal head shape and photoreceptors, a week or more later. In almost all cases 
the photoreceptors of the implants happened to lie in the eye-level of the host. In these, 
proliferation of host tissue was at a minimum and no host eyes 3 were reconstituted (Figs. 
4, 72). In contrast to the experimentals the control planarians in every case regenerated 
the tissue removed, including the two photoreceptors. In 3 cases supernumerary eyes 
were developed (Figs. 5, 6). 

When the photoreceptors of the implants did not happen to lie in the eye-level of the 
host, one or more eyes were reconstituted by the host (Fig. 7). 

In 4 cases the tip of the host head disintegrated, leaving the anterior portion of the 
graft exposed. These resulted in a chimaera-type head of which the mesial part was of 
one species and the “auricles” and sides were of the other (Fig. 8). 

In all grafts which were kept 3 months or more, there was a gradual replacement of 
graft epidermis and of graft photoreceptors by those of the host. Whether other tissues 
were involved is not known. This replacement, which was observed not only in grafts 
in the head region but also in those in the other two levels used in this study, proceeded 
as follows. Usually within 1 week after implantation the edges of the transplant became 
less clearly defined and a ring of unpigmented tissue was observed surrounding the 
graft. This ring of new tissue (regenerating tissue in these planarians does not become 
heavily pigmented for 2 weeks or more) was observed gradually to encroach upon the 
graft during the next 6-8 weeks until all that could be seen of the implant was a few 
darker pigment spots between the photoreceptors. Eventually they, too, disappeared. 
Meanwhile, pigment spots characteristic of the host species devdoped around the 

* Strictly speaking, planaiians possess photoreceptors and not eyes, since they have no apparatus 
for focusing an image upon the photosensitive cells. However, in this report “eye” is used in its less 
exact sense as a synonym of photoreceptor. 
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periphery of the new tissue, showing that the cells replacing those of the graft were of 
host and not of graft origin. It was not possible to follow the process of replacement 
of the photoreceptors with the same degree of assurance as in the case of the epidermis. 
However, the change in shape of the unpigmented areas from that characteristic of the 
graft to that of the host seemed to occur following the depigmentation of the surround¬ 
ing tissue. The black crescentic pigment areas of the photoreceptors also changed shape 
gradually but by such imperceptible stages that in most cases the process could not be 
followed. In 3 cases the black pigment areas of the photoreceptors of the graft were 
observed to decrease in size gradually, and later a new pigment spot appeared in the 
unpigmented area of each eye. This increased in size until it fused with that of the graft. 
Whether this represents the usual situation is not known. 


GRAFTS IN THE HEAD REGION 



Fig. 4.— E. dorotocephala into E. tigrina novangliae . DDAA.* Union complete. 31 days. Epithelia 
of implant were eventually replaced by host tissue. 

Figs. 5 and 6.— E. tigrina novangliae. Controls 31 days. Fig. 5. —Three photoreceptors have de¬ 
veloped in place of the two which were removed. Fig. 6. —Four photoreceptors have developed in the 
new tissue. 

Figs. 7 and 8 .— E. tigrina novangliae into E. dorotocephala. DDAA. 35 days. Fig. 7.—Union com¬ 
plete. Large graft (14 X 0.8 mm.). Eye appeared in new tissue left of implant a weeks after grafting. 
Left graft eye became reduced in size and subsequently fused with it Fig. 8.—Anterior edge of implant 
failed to unite with host. Host head disintegrated anterior to implant, resulting in chimaera-type head. 

Figs. 9, 10, and ii. — E. tigrina novangliae into E. dorotocephala. DDAP. Union complete. Fig. 9.— 
35 days. A small photoreceptor appeared anterior to right graft eye 1 week after implantation and dis¬ 
appeared 2 weeks later. Graft epithelia completely replaced by new tissue. Note that digestive trad 
extends farther anteriorly than normally. Fig. zo.— 14 days. One eye appeared posterior to left graft 
eye 1 week after implantation. Four weeks later new tissue had completely replaced graft epithelia. 
Fig. ii. —28 days after operation. Two eyes have developed in new tissue posterior to implant. 

Dorsodorsal anteroposterior orientation of graft (64 cases). —Cephalic transplants placed 
in the head region with their anteroposterior axes reversed were some of the most inter¬ 
esting of all the types studied. The percentage of cases of complete union (42 per cent) 
was less in this class of grafts than in those in which the anteroposterior axes coincided. 
When reversed, the relatively thick posterior surface of the graft was in contact with 
the thin anterior surface of the host window, and vice versa. It is thought that this was 
chiefly responsible for the proportionally fewer cases of complete union in these grafts 
than in the class just reported. 

In cases of complete union the grafts showed little independent activity, and the 
proliferation of tissue resulting from the implantation was so slight that in 5 cases no 
outgrowth was noted and in the rest it was very small In all but 4 cases more than one 

* In these and subsequent figures the following conventions are used: graft tissue stippled where dis¬ 
tinguishable, approximate extent of new tissue indicated by broken lines, invaginated portions by alter¬ 
nating dots and dashes, main intestinal branches by solid black. Time after operation given in days. 
Orientation of implants: DDAA*dorsodorsal, anteroantenor; DDAP—dorsodorsal, anteroposterior, 
DVAA*doisoventral, anteroanterior; DVAP-doisoventral, anteroposterior. 
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photoreceptor developed. Of the exceptional cases, i developed a very small eye which 
later regressed (Fig. 9), and the other 3 cases regulated a permanent photoreceptor (Fig. 
10). The usual result was the development of one or more photoreceptors in the new 
host tissue either anterior or posterior to each eye of the graft. In 3 cases one super¬ 
numerary eye developed anterior to each eye of the graft, and in 3 two eyes developed 
posterior to those of the graft (Figs, n and 12). There were 3 cases in which four eyes 
developed, two of them anterior and two posterior to those of the implant (Fig. 13). In 
other cases the supernumerary photoreceptors were not as regularly arranged, although 
they never appeared very far from the region of the mesiolateral axis at which eyes are 
found normally (Fig. 14). It was noted that the supernumerary eyes usually appeared 
considerably later than did the regenerating eyes of the controls, with a delay of 2 or 3 
weeks not uncommon. 

GRAFTS IN THE HEAD REGION 



12 13 14 15 16 17 18 

Figs. 12,14,15,16, and 17.— E. tigrina into E. dorotoctphala. Figs. 13 and 18.— E. tigrina rumangliae 
into E. dorotocephala . In all but Figs. 15 and 18 union was complete. DDAP. 


Fig. 12.—35 days. Two eyes have developed in new tissue posterior to implant. 

Fig. 13.—28 dayB. Two eyes have developed in new tissue anterior to implant and two more posterior. 

Fig. 14.—56 days. Two eyes appeared anterior to implant 1 week after implantation. Three more 
developed later in new tissue between graft and host eyes. Left graft eye (G) has become reduced in size. 

Fig. 15.—Host disintegrated anterior to implant. 42 days. Tail-like outgrowth has regenerated from 
free graft surface. Two eyes developed in new tissue opposite graft eyes 1 week after implantation. Un- 
pigmented area on left and projection on right developed later. 

Figs. 16 and 17.—7 and 49 days, respectively. Fig. 16.—Unpigmented portion of left host eye (H) 
not completely removed. Two eyes have appeared posterior to graft. Fig. 17.—Graft epithelia com¬ 
pletely replaced by new tissue. Graft eyeB have fused with two supernumerary eyes shown in Fig. 16. 
Five additional eyes developed anterior to graft eyes but have been reduced by fusions to three. Un¬ 
pigmented projection (U) had developed to left of implant. 

Fig. 18.—35 days. Posterior surface of graft failed to unite with host Resulting tubular outgrowth 
lined with ventral epithelium, projects from ventral surface of host. Figment areas of graft eyes (G) 
visible. Two eyes present in new tissue posterior to implant. 

A comparison of the conditions of the digestive tracts of the experimental and control 
animals showed that in the former, els a result of reversing the anteroposterior axis of the 
graft, the intestine extended into the head of the compound well anterior to the photo¬ 
receptors of the implant. In the controls the most anterior branch ended between the 
regenerated eyes. Usually when there were side branches of the digestive tract anterior 
to the eyes of the graft, supernumerary eyes developed anterior to those of the implant 
However, the correlation between diverticula and number of eyes was not sufficiently 
close to be interpreted as the determination of the latter by the former. It seems prob¬ 
able that farther anterior extension of the digestive tract in these specimens merely 
furnishes a greater supply of nourishment to the more anterior levels of the head and 
allows the development of eyes which might otherwise suffer from competition with the 
graft 

The presence of a free surface in cases of incomplete union resulted in greater activity 
on the part of the implant and considerably greater proliferation of tissue as compared 
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with cases of complete union. In 3 cases the host tissue anterior to the implant disinte¬ 
grated within a day or two after grafting, leaving the posterior surface of the graft free. 
In two of these the implant retained its original polarity and showed almost continuous 
activity, contracting and extending entirely independently of the movement of the host. 
An outgrowth resembling a tail developed from the free surface of the implant, and two 
eyes formed in the regenerating host tissue directly behind and opposite those of the 
graft (Fig. 15). In the third case fusion of graft and host occurred without any ap¬ 
preciable proliferation of new tissue, as was the case in grafts in which both dorsoventral 
and anteroposterior axes coincided. However, within a week two supernumerary eyes 
had appeared posterior to those of the implant (Fig. 16). During the next 3 weeks five 
more developed anterior to them, and in addition there was by this time an unpigmented 
projection suggestive of an abortive cephalic lobe to the left of the graft. In the ensuing 
4 weeks the eyes of the graft fused with the two supernumerary eyes that were posterior 
to them, and fusions were occurring in the eyes which had developed anterior to the 
graft (Fig. 17). Thus, even though the implant had its polarity reversed as a result of 
its position, nevertheless it produced a marked effect upon the host head. 

In 19 cases a part of one surface of the graft failed to unite with the host. From this 
free surface and the cut surface of the host developed a tubular outgrowth around which 
later appeared supernumerary eyes. Usually it was possible to determine by the position 
of the developing eyes that the free surface was anterior, even though in some cases it 
developed from the lateral or posterior surface of the graft. In most cases the outgrowth 
extended from the upper surface of the host and was surrounded by dorsal epithelium 
with the ventral surface on the inside of the tube. In one case, however, it extended 
ventrally and the dorsal surface was inside (Fig. 18). Figure 19 shows a case in which 
there were two free surfaces—one a small portion of the left, and the other a smaller por¬ 
tion of the right side of the implant. The two free surfaces developed outgrowths re¬ 
sembling cephalic lobes with their unpigmented sensory areas, and a second pair of 
photoreceptors developed in the regenerating host tissue opposite the anterior surface 
of the graft. 

In 8 cases the entire anterior surface of the implant remained free. In these the an¬ 
teroposterior axes of the transplants were not affected. Each graft regenerated a normal 
or nearly normal head, and the host developed a second head from the free edge of the 
window directly opposite the graft. This grew rapidly until it reached the size of the head 
of the implant, and during all subsequent observations both remained the same size 
except when conditions were altered. The presence in the ganglionic region of the host 
of an active graft with its anteroposterior axis reversed was sufficient, in all cases except 
one, to inhibit completely the development of eyes anterior to it. It appears that grafts 
that were able to escape the domination of the host and retain their own individuality, 
because of the free anterior surface, so altered conditions in the head of the host that 
the physiological level at which eyes are produced did not develop. On the other hand, 
it should be noted that, even when an implant lacking a free surface became dominated 
by the host to the extent of having its polarity reversed, it still exerted a modifying in¬ 
fluence on the host, extending the physiological level at which eyes could develop over a 
much wider area than is normally found in these species. In this connection it might be 
recalled that Abeloos (1930) reports finding specimens in his stocks of P. gonocephala 
with supernumerary eyes usually arranged, as was the case in these experiments, in 
pairs extending toward the anterior margin of the head. He listed other reports of 
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supernumerary eyes (Janichen, 1897; Lang, 1913) and attributed them to senescent 
conditions, since they usually appeared in the largest specimens. However, Child (1921) 
has shown that susceptibility to inhibiting agents acting during head regeneration, as 
indicated by modifications of head-form and position or absence of eyes, decreases from 
the median region laterally. This indicates a higher gradient level in median than in 
lateral regions. Consequently, the hypothesis that the degenerative changes associated 
with senescence should cause an increase in the breadth of the area in which eyes are 
found seems improbable. In the present studies it was noted repeatedly that, when 


GRAFTS IN THE HEAD REGION 



Figs. 19-22.— E. tigrina into E. dorotocephala. Figs. 23-25.— E. iigrina novangliae into E. doroto - 
cephala. Fig. 26.— E. dorotocephala into E. tigrina novangliae . In all but Figs. 19 and 26 anterior surface 
of graft failed to unite with host Orientation of all DDAP. 


Fig. 19.—21 days. From each lateral free surface two auricle-like structures {A) developed. Two 
eyes have appeared posterior to graft 

Figs. 20 and 21.—28 and 56 days, respectively. Fig. 20.—Tubular outgrowth, of which the graft 
forms the anterior half, has developed. Three eyes illustrated (EO) are in host portion of outgrowth. 
Ventral surface of implant (G) visible just behind anterior edge of outgrowth. Disintegration of anterior 
part of host to X-X and of region of union between two components of tubular outgrowth resulted in 
condition shown in Fig. 21. Right remnant of host head (H) and graft (G) form right component, and 
host portion of outgrowth forms the other. Unpigmented areas of right eyes have fused. Graft epithelia 
have been completely replaced by host tissue. 

Fig. 22—28 days. Tubular outgrowth with two eyes (EO) developed and, by disintegration of more 
anterior parts of host and region of union on left, produced a wide, flat composite head. Double un¬ 
pigmented area appeared at line of junction between graft and host. Eye has appeared beside right graft 
eye. Graft epithelia completely replaced by new tissue. 

Figs. 23 and 24.-7 and 28 days, respectively. Fig. 23.—Graft (G) almost entirely hidden behind 
tubular outgrowth of new tissue in which are two eyes (EO). Digestive tract did not reach host or graft 
head. Fig. 24.—Host and graft heads disintegrated (host by fourteenth day after implantation, graft 
by twenty-first day), leaving only host portion of outgrowth and auricles of original head (R). 

Fig. 25.—14 days. Host portion of tubular outgrowth ( 0 ) lies behind graft (G). In contrast to Fig. 
23 graft and host digestive tracts united. During 5 weeks following, before it was fixed, graft and host 
portions of outgrowth continued to increase in size. 

Fig. 26.—Graft united to host by posterior part of ventral surface only. 14 days. Digestive tracts of 
graft and host failed to unite. Head with reversed polarity developed from posterior edge of graft. Graft 
decreased in size rapidly and separated from host 3 or 4 days after this drawing was made. 

supernumerary eyes appeared, they developed in the new tissue during the period of 
active regeneration of the host, and that later there was a tendency for the eyes to re¬ 
gress and be resorbed. 

In 3 cases the portion of the host anterior to the graft was devoid of intestinal 
branches. During 4 or 5 weeks these portions gradually decreased in size, lost their pig¬ 
mentation, and finally disintegrated. The graft head and that of the host which had 
developed behind the graft now became the functional heads of the compound (Figs. 20 
and 21). In 2 of the 3 cases the digestive tract of the graft did not unite with the host, 
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and in these cases the graft also regressed. In i case it became an appendage on the left 
side of the second host head (Fig. 22); while in the other it, too, disintegrated, leaving 
the second host head at the anterior end of the host (Figs. 23 and 24). 

Figure 25 shows the result when both the graft and the anterior portion of the host 
re-established connections with diverticula from the host intestine. In this case the graft 
and the head behind it grew until attaining a size practically equivalent to that of the 
original host head. A postcephalic outgrowth of tissue similar to that described by 
Santos (1931) was induced by both the graft and the host head. 

In 2 instances the amount of union between implant and host was very slight.. In 
both, even though the grafts rapidly decreased in size and gave evidence of starvation 
from the first, they regenerated “auricles” and the triangular head shape which is normal 
for the species used. In 1 case (Fig. 26) the graft developed a second head on its free 
posterior surface, reminding one of the findings of Morgan (1903) and Child (19116) that 
very short transverse sections of planarians sometimes develop bipolar forms. 

Dorsoventral anteroanierior orientation of graft (16 cases ).—When transplants were 
made in the head region with the dorsoventral axis reversed, they usually united with 
the host by all four cut surfaces. Within 12 hours after implantation the compounds 
were actively crawling. However, in contrast to the first described grafts, the anterior 
ends of these were continuously raised above the substrate as if the ventral longitudinal 
muscles of the graft were in a state of contraction. 

In 5 cases the anterior tip of the host disintegrated within the first week after im¬ 
plantation. The presence of the graft prevented the regeneration of the host, and the im¬ 
plant itself reproduced the missing parts from its anterior surface (Fig. 27 and PI. I, 
Fig. 28). 

In all cases in which the dorsoventral axis was reversed, there was some proliferation 
of tissue between the graft and the host. In 4 cases both graft and host were involved, 
with the resulting development of one or two additional heads. The dorsal one was 
composed of the dorsal surface of the host and the ventral surface of the graft, and the 
ventral one, below the host head, consisted of the dorsal surface of the graft and ventral 
surface of the host. In 2 cases the ventral supernumerary head was bipolar. 

In two cases the graft and host united by the dorsal surfaces only. In these the graft 
regenerated an anterior end, auricles, a functional pharynx, and a tail. During the 10 
months that they were under observation the grafts, which showed greater muscular 
activity than their hosts, likewise showed relatively greater growth. By the end of the 
period, the two components were approximately the same size and crawled equally well 
whether the host ventral surface or that of the graft was in contact with the substrate 
(PL I, Fig. 29). After feeding them blood, it was possible to determine that the digestive 
tracts of graft and host were anastomosed, but behavior tests indicated that there were 
no extensive connections between the nervous systems of the components. A remarkable 
feature of these examples—one by which they differed from the others of this series— 
was that the grafts retained their specific characters during the entire period of observa¬ 
tion. This condition will be treated in the discussion. 

Dorsoventral anteroposterior orientation of graft (11 cases).—Only a few grafts were 
made with their dorsoventral and anteroposterior axes reversed. As was true in the other 
cases of inversion of the dorsoventral axis of the graft, there was a tendency for the an¬ 
terior edge of the implant to fail to unite with the host In only 3 instances were there 
complete takes. These resembled those of the series mentioned above in their behavior, 
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crawling with their heads continuously raised from the substrate. There was more or 
less proliferation of tissue between the graft and host, and in 1 case this was sufficient 
to inclose the graft completely. In this animal, eyes regenerated in the host and the graft 
regressed until it became a small projection on the anterior part of the host head. In 
the others the graft remained and no host eyes developed. 

Incomplete takes usually failed to establish connections with the digestive tract of 
the host. Although they regenerated a more or less normal head, and in one instance a 
tail as well, they rapidly decreased in size and did not prevent the regeneration of a 
head by the host in cases in which it had previously disintegrated. In one incomplete 
take the digestive tract of the implant united with that of the host and the graft com¬ 
pletely prevented any regeneration at the anterior end of the host (PL I, Fig. 30). In 
these, as well as in other dorsoventral grafts, there was no indication that the dorsal or 
ventral epithelia were modifiable. 

Grafts in the anterior prepharyngeal region (20 cases ).—Since the head contains the 
enlarged ganglionic part of the nervous system, there is the possibility that the resistance 
to induction at this level is a function of the amount of nervous tissue present. Accord¬ 
ingly, 20 grafts were implanted just behind the head. Not all possible combinations of 
dorsal and ventral with anterior and posterior surfaces were used, but the results were 
sufficient to show that there was no marked reduction in resistance in this le\ el. 

When grafts in normal orientation united completely with their hosts, there was no 
proliferation of tissue; and the only indication of induction was the appearance of a 
projection at each side of the implanted eyes (PI. I, Fig. 31). 

Figures 32 (Pl. I) and 33 show cases in which the grafts in normal orientation united 
by their posterior and a part of their lateral surfaces. A small postcephalic outgrowth 
developed in each case and subsequently tore through the right side of the host. The 
two differ in that in Figure 32 the graft and host heads are approximately equivalent, 
whereas in Figure 33 the host head has become reduced in size as a result of insufficient 
food reaching it from the branches of the digestive tract. 

In Figure 34 we see a perfect take in which the anteroposterior axis was reversed. 
There was a slight proliferation of tissue around the graft, but otherwise no modification 
of the structure of the host was observed. Implanting the graft in reversed dorsoventral 
polarity usually resulted in union with the dorsal surface only. The grafts regenerated 
in nearly normal shape and induced a very small outgrowth of tissue (Figs. 33 and 36), 
producing a structure which resembled more or less several of Santos’ (1931) figures 
(Figs. 4, s, 6, 9,13, and 14). There were two complete takes of dorsoventrally reversed 
grafts. In both of these a head developed composed of dorsal surface of the host and 
ventral surface of the graft (Fig. 37). In one the head developed from the anterior edge 
of the window and posterior edge of the graft, and in the other vice versa. In none of the 
grafts in this level was there any marked reduction of host resistance to reorganization. 
Accordingly, it may be concluded that the differential from anterior to posterior in 
resistance to induction is not dependent upon the presence or absence of certain struc¬ 
tures concentrated in the most anterior levels, such as the cephalic ganglia. 

GRAFTS IN THE PHARYNGEAL REGION (113 CASES) 

When a cephalic graft was implanted into the pharyngeal region, the regenerating 
pharynx appeared some distance posterior to the original location, whereas that of the 
controls developed in the new tissue which marked its original position. Since the 
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pharynges of the experimental animals developed out of their normal locus, they may 
be designated as structures induced by the grafts. In contrast to those placed in the 
head, grafts in the pharynx induced the development of postcephalic outgrowths even in 
cases of complete union with the host. However, decapitation of the host at varying 
distances from the graft gave little evidence of graft dominance more than 2 mm. an¬ 
terior to the level of implantation. Because of removal of the pharynges of the hosts, 
usually 3 or more weeks elapsed between the operation and the first feeding. During this 
time a tendency for the grafts to migrate was noted; and, accordingly, in certain in¬ 
stances longer periods of starvation were instituted, and cases of fusion of grafts with 
the host heads resulted. In both the pharynx and the tail regions the orientation of the 
implant had far less effect upon the final result than did the presence or absence of a 

GRAFTS IN THE HEAD REGION 
E. dorotocephala into E. tigrina. 

36 37 

Fig. 27.—DVAA. Union complete. 7 days. New tissue around ventral surface of implant. Crawled 
with anterior portion of head raised. (PI. I, Fig. 28. —Photograph of same animal 266 days later.) 

GRAFTS IN THE ANTERIOR PREPHAR YNOEAL REGION 

Fig. 33.— DDAA. Anterior and right sides of graft failed to unite with host. 56 days. Graft larger 
than host head and controlled more posterior regions of host. Cephalic lobes, head shape, and epithelia 
of implant resembled those of host. 

Fig. 34.—DDAP. Union complete. 21 days. New tissue partially covering anterior portion of im¬ 
plant. No appreciable change was observed during next 9 weeks. 

Figs. 35 (dorsal view) and 36 (lateral view). —DVAA. Union by posterior portion of dorsal sur¬ 
face only. 21 days. Short postcephalic outgrowth present. No appreciable change noted during next 9 
weeks. 

Fig. 37.—DVAA. Union complete. 21 days. Graft nearly inclosed by new tissue. Teratophthalmic 
outgrowth with dorsal epithelium of host and ventral epithelium of implant. No change noted during 
next p weeks. 

free surface. For this reason the data in these sections will be described under two head¬ 
ings only. 

Complete takes (fix cases ).—Complete takes of cephalic grafts in the pharyngeal region 
generally induced tubular outgrowths which projected either from the dorsal or ventral 
surface of the host. (In 1 case no outgrowth developed, but in this it was noted from 
the first that the implant did not show the motor activity that was characteristic of all 
cqphalic grafts.) When the eyes of the graft were subterminally located in the out¬ 
growth, supernumerary photoreceptors developed at about the same level as those of the 
graft. This occurred even when the dorsal epithelium of the outgrowth was invaginated, 
as was the case when the outgrowth extended ventrally (Fig. 38). When the outgrowth 
developed at right angles to the anteroposterior axis of the graft, modification of the 
polarity of the graft was demonstrated by the development of eyes at right angles to 
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those of the implant and occasionally the complete resorption of the original eyes (Fig. 
39). When the eyes of the implant were located terminally, they did not regress, and 
none were induced in the host (Fig. 40). These facts may be interpreted as follows. 
When there is no part of the outgrowth representing a more anterior level than that of 
the eye-level, the eyes of the graft take up a terminal position in the outgrowth. In this 
case the rest of the graft and the induced portions of the outgrowth which correspond 
to more posterior levels do not produce eyes. On the other hand, if the eyes were sub- 
terminal, the more anterior portion of the outgrowth produces, at a certain distance from 
the tip, the physiological level at which eyes can develop or persist. Since the outgrowth 
is tubular, the dominance extends radially, resulting in a ring of eyes which in these ex¬ 
periments varied from two to eight, depending upon the diameter of the outgrowth and 
the “scale of organization” (Child, 1931). 

Figure 41 shows the only complete take in this region in which a pharynx developed 
anterior to the graft. This was located in reversed polarity and may be assumed to have 
been induced by the implant. It was considerably smaller than the one which appeared 
posterior to the graft. That there had been a complete reversal of polarity of this por¬ 
tion of the host was proved when there was no regeneration following the removal of 
the host head a short distance in front of the anterior pharynx. 

A gradual migration cephalad of grafts completely united with their hosts was noted 
in 9 cases. This was not as rapid as was observed in some cases of incomplete union, but 
in 1 case resulted eventually in fusion between the graft and host heads (Figs. 42 and 
43). A rather significant feature of this migration was the disappearance of the cephalic 
lobe and eye of the host on the side nearest the graft. As the latter approached, these 
structures decreased in size and lost their pigmentation in a manner resembling stages 
in starvation. On the other hand, unpigmented new tissue was being laid down posterior 
to the graft, leaving a well-marked migration path behind. This indicated that host tis¬ 
sue was being used up anterior to the implant, while growth was taking place in the cells 
directly behind the graft. Consideration of these phenomena is reserved for the discus¬ 
sion. 

In 8 cases grafts which united completely with the host were given a free surface. 
Four of these were given a free lateral and 4, a free posterior surface. In every case the 
anteroposterior axis of the resulting outgrowth was determined by the free surface and 
not by the original polarity of the graft. Figures 44 and 45 show a case in which a free 
posterior surface resulted in a x8o° modification of graft polarity and the development of 
two additional eyes. These later fused with the original graft photoreceptors. Figure 46 
shows a case in which a free lateral surface resulted in a modification of about 8o° in the 
graft polarity. 

In 3 cases the polarity was modified twice in the course of the observations. These 
were complete takes which were subsequently given a free lateral surface by a V-shaped 
cut in the side of the host. Figures 47 and 48 show the most clear-cut case. Freeing the 
lateral surface of the graft resulted in the development of a cephalic lobe at the anterior 
and another at the posterior margin of the graft and a photoreceptor beside the right 
eye of the graft (Fig. 47). These fused to form the right eye of the composite head. 
Meanwhile, as the graft migrated cephalad, the left side of the outgrowth fused with the 
right side of the host head. The right eye of the host and the two approximated cephalic 
lobes were resorbed (Fig. 48). Thus the polarity of the graft, after having been modified 
about go 0 , finally, came to approximate its original condition. 
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Incomplete takes (52 cases )—The results of incomplete union differed from those of 
perfect takes in degree rather than in kind. In general the induced outgrowth of host 
tissue was greater and there was evidence of graft dominance extending a greater dis- 
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Figs. 38,42, 43,44, and 45 — E. tigrina into E. dorotocephala. Figs 39 and 46.— E tigrhia novangliae 
into E dorotocephala . Figs. 40 and 41.— E dorotocephala into E. tigrina novangliae . Note that in ail 
cases the reconstituted pharynx is posterior to original pharynx level (level of implantation). 

Fig. 38.—DDAA. Union complete. 42 days. Tubular outgrowth developed covered with ventral 
epithelium and containing two supernumerary eyes ( 5 , only one shown). 

Fig. 3Q.—DDAP. Union complete. 35 days. Original eyes disappeared, and four pigmented areas 
developed. Tail-like outgrowth developed from right side of host anterior to implant. Host, decapitated 
at X (about 2 mm. from implant) 1 week earlier, completely failed to regenerate. 

Fig. 40.—DDAP. Union complete. 42 days. Large graft (1.4 X 1.1 mm.). Ventral view. Large tubu¬ 
lar outgrowth has developed with terminally located eyes. Decapitated 4 weeks earlier about 3 mm. 
from graft. Regeneration limited to small triangle of tissue (A). 

Fig. 41.—DDAP. Union complete. 28 days. Large graft (1.3 X 1.0 mm.). Pharynx with reversed 
polarity induced anterior to graft. Extent of graft dominance cephalad indicated by anterior reorgan¬ 
isation of digestive tract. Host failed to regenerate after section at X-X 14 days later. 

Figs. 42 and 43.—DDAA. Implanted to right of middle of host. Union complete. Fig. 42.—63 days. 
Path of graft migration indicated by new tissue. Nearest cephalic lobe and eye of host reduced in size 
with pigmented area entirely absent. Unpigmented outgrowth anterior to left graft eye. Fig. 43.-77 
days. Entire right side of host head replaced by graft and surrounding tissues. 

Figs. 44 and 45.—DDAA. Large graft (1.3 X 0.9 mm.). Union complete, but graft given a free 
posterior surface 7 days after implantation. Fig. 44.—31 days. Graft polarity modified x8o°, and two 
pigmented areas developing behind original ones. line between graft and host still distinct. Fig. 45 — 
74 days. Graft retained specific characters and reversed the polarity of a portion of host, as indicated by 
dHary movement, orientation of pharynx, and regeneration of a tail after fission. 

Fk>. 46.—DDAA. Union nearly complete. 28 days. Left side of graft cut free from host 18 days after 
implantation. Left graft eye became right eye of outgrowth, and right graft eye eventually disappeared. 
Six weeks later graft had migrated cephalad, producing a Y-shaped compound resembling Figs. 54 and 61. 

tance cephalad than in the case of complete takes. Of the four surfaces of the graft, the 
posterior united with the host most frequently (44 cases, 85 per cent). 

In 13 cases the graft united by three of its four cut surfaces, and tubular outgrowths 
open at both ends resulted. In 4 of the foregoing the free surface was lateral In 3 of 
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Figs. 47, 48, 50-59.— E. tigrina nmangliae into E. dorotocephala. Fig. 49.— E. doroiocephala into E. 
tigrina novangliae. Figs. 49, 50, 57-59.—DDAA. Figs. 51-56.—DDAP. 


Figs. 47 and 48.—42 and 63 days, respectively. Union complete. Fig. 47. —V-shaped incision made 
in right side of host opposite graft 1 week earlier. Eye (ri) has developed distal to left graft eye. Cephalic 
lobes developing anterior and posterior to implant. Modification of graft polarity about 50°. Fig. 48 — 
Graft and host heads fusing. Right eye and auricle of host regressing. Unpigmented area of supernumer¬ 
ary eye (ri) fused with right graft eye. With resorption of right side of host head, fusion was complete and 
polarity of graft returned to approximately original condition. 

Fig. 49.—Right anterior comer of graft failed to unite with host. 28 days. Tubular outgrowth 
covered with ventral epithelium. Eye (d) developed opposite left graft eye. Graft polarity modified 
about 40°. Host decapitated at x-x regenerated normal head in 3 weeks. 

Fig. 50. —Part of left and right sides of graft failed to unite with hoBt. 21 days. Small head with two 
pigment spots has developed from left side of graft. Eye beside hole (H) on right side did not regress 
duiing 7 weeks of observation. Regeneration of host inhibited. 

Figs. 51 and 52.—14 and 35 days, respectively. Anterior surface of graft failed lo unite with host. 
Fig. 51.—Small pharynx with reversed polarity induced anterior to graft. Head has developed from 
host portion of tubular outgrowth ( 0 ). Sectioned at x-x, tail with two-branched digestive tract de¬ 
veloped (Fig. 53). 

Figs. 53 and 54.-35 and 96 day's, respectively. Anterior and part of lateral surfaces of graft failed to 
unite with host. Large graft (1.5 X 1.1 mm.). Fig. 53.—Head ( 0 ) regenerated from free host surface 
behind graft. Right side of host tore apart at level of implant. Fro. 54.—Host head removed 3 weeks 
earlier failed to regenerate. During following 8 weeks host epithelia completely replaced those of graft. 

Figs. 55 and 56—35 and 105 dayB, respectively. Right anterior edge of graft failed to unite with 
host. Fig. 55.—Graft polarity modified about 70°, and third eye has developed. Fig. 56.—Graft epi¬ 
thelia replaced, but implant (G) has migrated cephalad. Greatly reduced host head (S) disintegrated 
1 week later. 

Fig. 57. —Sides of graft failed to unite with host 31 days. Portion of host lateral to implant tore 
apart. New tissue anterior to graft has developed eyes and auricles with reversed polarity. 

Figs. 58 and 59.—21 and 49 days, respectively. Left side of graft failed to unite with host. Flo. 58.— 
Host lateral to graft tore apart 1 week earlier. Modification of graft polarity indicated by position of 
auricles and of two pigmented areas. Following decapitation at as-*, tail and second pharynx developed 
in host anterior to graft. Fig. 59.—Graft eyes reduced to pigmented areas only. 
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these cases a modification in polarity was indicated by the position of the regenerated 
eyes and cephalic lobes. In the fourth, in addition to a large part of the left side of the 
graft failing to unite, there was a small hole between the graft and host on the right (Fig.. 
50). The right graft eye close to the hole did not regress, as generally occurred when there 
was a modification of 90° in the graft polarity (compare with Figs. 46, 58, and 59). 

The 5 cases in which the anterior surface of the graft was free developed larger out¬ 
growths than did the 3 cases mentioned above. In 3 of the s cases the outgrowths were 
ventral (Fig. 49); in 2, dorsal. In 2 cases there was a slight modification of polarity, and 
in 3 the free surface was approximately parallel with the eyes and polarity remained un¬ 
changed. 

In 4 cases with reversed anteroposterior axis, in addition to the anterior surface of 
the graft, a sma ll portion of each lateral surface failed to unite. In each case two cephalic 
lobes were regenerated and a tubular postcephalic outgrowth was induced. From the free 
surface at the posterior edge of the host window a secondary head developed. In 1 case 
(Figs. 51 and 52) a very small but functional pharynx developed in reverse orientation 
just anterior to the transplant. Following decapitation, a tail with the characteristic 
two-branched digestive tract developed from the anterior cut surface. In the second case 
the graft and secondary head tore through the right side of the host and thus obtained 
access to the substrate. During the next 3 weeks they were almost constantly p ulling 
against the host head, taking on the appearance of the letter T (Figs. 53 and 54). Great 
difficulty was experienced in inducing this specimen to feed. During 4 weeks of starva¬ 
tion subsequent to the condition shown in Figure 53, the original host head was re¬ 
duced to a size about equal to that of the graft head. In an attempt to prevent the exces¬ 
sive stimulation of three heads in the presence of food, the original head of the host was 
removed at this time. The cut surface healed, and the two remaining heads took up an 
anterior position. However, it was not until 3 weeks later that, as a result of being 
placed in the dark at feeding time (cf. above, p. 218), the specimen began taking food 
again. At this time it was only 1.6 mm. long, and the secondary host head was larger 
than that of the graft (Fig. 54). As it increased in size, the graft head grew more rapidly, 
until it again became equivalent to that of the host. During the 7 weeks of complete 
starvation the line of demarcation between graft and host remained quite distinct. How¬ 
ever, as the specimen increased in size, the graft epidermis was observed to fade into 
host tissue along the line of separation until eventually the photoreceptors, head shape, 
and cephalic lobes resembled those of the host. This situation will be treated in the dis¬ 
cussion. 

In the third case, only a small portion of the right side of the graft was free, while a 
considerable portion of the left did not unite with the host. During regeneration of the 
graft a third eye appeared anterior to the left eye, and cephalic lobes developed opposite 
it and the right eye of the graft (Figs. 5$ and 56). The implant increased in size as it 
migrated cephalad, and eventually dominated the host, while the host head became 
merely an appendage (Fig. 56). The fourth resembled the third except that more of the 
right side of the graft was free and there was no alteration of graft polarity. As a result of 
failure of the digestive tract of the graft to unite with a main branch of that of the host, 
the graft and the secondary host head received insufficient food and eventually re¬ 
gressed. 

Two of the implants united by their anterior and posterior surfaces, leaving the larger 
portion of the lateral surfaces free. In both cases the eyes developed in the portion of 
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the host in contact with the anterior part of the graft, i.e., in reversed orientation. In 
one, two structures resembling cephalic lobes developed in host tissue lateral to the in¬ 
duced eyes (Fig. 57). These appear to be another expression of the same situation ob¬ 
served in the development of photoreceptors in the tubular outgrowths resulting from 
complete takes. It is evident that the distance from the anterior edge of the graft to the 
graft eyes in one direction and to the induced eyes in the other was approximately 
equal. If the two lateral surfaces of the graft and host were fused, a situation resembling 
that in Figure 77 would result. 

There was only 1 case in which a graft united with the host by one of the lateral sur¬ 
faces. Two weeks after implantation it tore through the tissue on the left side of the 
host. The next week two pigment spots appeared distal to the left one of the graft, and 
a pharynx developed posterior to the level of implantation (Fig. 58). At this time the 
host head was removed. Instead of a head, a tail developed from the cut surface, and 
later a second pharynx appeared in reversed polarity (Fig. 59). 

In 30 cases only the posterior surface of lie graft united with the host. Figures 60 
and 61 represent the typical result in this group. By an increase in size of the graft and a 
decrease in size of the host prephaxyngeal region a Y-shaped compound resulted. 

Five hosts tore apart either anterior or posterior to the implant. When the graft re¬ 
mained attached to the posterior piece, there was no regeneration of the host (Fig. 63). 
In these the graft formed the anterior portion of the worm. When the graft was at¬ 
tached to the anterior half, one or two tails developed from the exposed surfaces of the 
host. However, no pharynges developed, and the specimens gradually decreased in size. 

In 5 cases the windows were made by removing the dorsal wall and the underlying 
mesodermal tissues without cutting through the ventral wall. Grafts placed in these 
united with the dorsal surface of the host only. In addition there were 3 cases in which, 
although the usual procedure was followed, the ventral surface was not involved in the 
union. All 8 examples regenerated the triangular head shape and cephalic lobes but 
within 2 or 3 weeks became greatly reduced in size and showed evidences of lack of 
nourishment. When fed blood, it could be seen that no connection had been established 
between the digestive systems of graft and host. 

Grafts placed in reversed dorsoventral orientation usually united with the host by 
their posterior surfaces, with the anterior tip of the graft bending back upon itself. When 
union of digestive tracts of graft and host occurred, the grafts persisted; otherwise they 
decreased in size and were lost. 

Removal of the host head .—In 45 cases the host was decapitated 2 weeks or more after 
transplantation. Thirty were cut close to the graft (i.e., about 1-2 mm. anterior to it). 
In 18 of these regeneration of another host head was completely prevented (Figs. 39, 
40, so, 52). In the other 12 cases a normal head regenerated, but in 5 of these the grafts 
were regressing at the time of decapitation and so might perhaps be excluded from con¬ 
sideration. In 7 cases the section was made about 3 or 4 mm. from the graft Five of 
these regenerated normal heads, and in only 2 cases was host regeneration inhibited (Fig. 
59). In 8 cases the host was decapitated a short distance posterior to the host head. 
The only specimen that did not regenerate a normal head was one mentioned earlier (Fig. 
41) in which the graft had induced a pharynx in reversed polarity anterior to the level 
of implantation. All the controls regenerated normal heads. It is evident that domi¬ 
nance of cephalic grafts does not usually extend much more than 2 mm. cephalad in 
large planarians such as were used in these experiments. 
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In 3 cases removal of the host body anterior to the graft, by section as near as possible 
to the graft, resulted in development of bipolars with a small but normal head instead 
of a tail at the posterior surface of the piece removed (Figs. 64,64a). In these the polarity 
reversal was so firmly established that removal of the dominant region under which it 
had developed did not destroy it. 
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Figs. 60-64. —£• tigrina novangliae into E. dorotocephda . DDAA. Fig. 65.— E. dorotocephala , con¬ 
trol. Fig. 66.— E. tigrina novangliae t control. 

Fios. 60 and 61. ■—Anterior surface of implant failed to unite with host and right side of host tore 
apart at level of implantation. Fio. 60.—14 days. Graft has regenerated cephalic lobes. Fig. 61.—42 
days. Graft has increased in relative size and induced a pharynx. During next 9 weeks the two heads 
remained approximately equivalent. 

Fio. 62.—Graft united to host by posterior surface. 35 days. The only case in which a pharynx with 
normal polarity appeared anterior to level of implantation. 

Fig. 63. —Graft united by posterior surface. 14 days. Host tore apart anterior to implant 1 week 
earlier. No regeneration from exposed surfaces of host. 

Figs. 64 and 640.—Union complete. 35 days. 21 days after subsequent section of host just cephalad 
to implantation level Fig. 64a.—Anterior part of host has regenerated a head on posterior surface. 
Fig. 64.—Posterior part of hoBt containing implant has developed cephalic lobes. Two supernumerary 
eyes have appeared anterior to left graft eye. 

Fig. 65.—Control. 7 days. Lateral margins of window united and animal tore apart Posterior poi- 
tion of animal developed single pigment spot and small pharynx but refused food. 

Fig. 66.—Control 63 days. Window in host remained open for more than a week. Incision made in 
right side 4 weeks after operation. Three weeks later tail-like projection appeared. Second pharynx ap¬ 
peared a weeks later. 

Controls. —With only a few exceptions the tissue which was removed was replaced in 
the controls and a functional pharynx regenerated. In 1 case the window did not fill in 
completely, and a small head regenerated from its posterior edge. In another the two 
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sides fused together, and, when the specimen tore apart subsequently, there was no 
regeneration at the anterior surface. A single median eye and a pharynx developed, but 
the piece would not feed (Fig. 65). In several controls in which there was little tissue 
along the sides of the window, the worms tore apart at this point. Later a head re¬ 
generated on the posterior piece and a tail on the anterior. In 3 cases after healing, tail¬ 
like outgrowths developed behind the level of operation. Figure 66 shows a case in 
which a pharynx developed in association with such an outgrowth. 

GRAFTS IN THE TAIL (174 CASES) 

The tail proved to be the most labile of the regions studied. Cephalic grafts placed 
in this region induced the greatest outgrowths and produced the greatest reorganization 
of the host. Pharynges were induced equally well anterior or posterior to the level of 
implantation. They developed about the same distance anterior or posterior to the 
graft, but their lengths and diameters were proportional to the amount of tissue in 
which they developed. There were a few cases in which, in addition to a pharynx, a tail 
was induced anterior to the graft. Data on the range of dominance anteriorly showed 
that, unless the host was unusually long, the inhibitory power of the graft extended 
about to the fission zone of the host and occasionally into the pharyngeal level itself. 

When the two-tailed forms produced by removal of the host heads were followed for 
long periods (6 months to a year), they were observed to fuse along the adjoining lateral 
margins, eventually producing double monsters. The fission products of these forms 
usually developed three or four eyes, two pharynges, and a more or less completely 
doubled digestive tract. 

A few triangular implants containing chiefly ganglionic material were placed in the 
tail. Although containing less tissue than the rectangular grafts used generally in this 
study, they showed greater inductive capacities than the latter. No tendency to migrate 
was observed in implants in this level. 

Complete takes (71 cases );—Cephalic grafts in the tail which united completely with 
their hosts produced the same type of tubular outgrowths as did complete takes in the 
pharynx. When the photoreceptors came to lie in the terminal portion of the outgrowth 
(43 cases), there was no alteration of graft polarity (Figs. 67,68, and 69). When sub- 
terminal, supernumerary eyes developed in the induced tissue (Fig. 70). These out¬ 
growths generally were larger than those resulting from grafts in the pharynx level (PI. 
I, Fig. 71). Also, it usually was possible to observe that control by the graft extended 
some distance anterior to the level of implantation. 

Pharynges were induced in the host in 19 cases. Of these, 13 developed two super¬ 
numerary pharynges, one posterior to the graft in normal orientation and the other 
anterior to it with reversed anteroposterior axis (Figs. 67, 70, and 7 a). In 4 of the 6 
cases in which there was but one induced pharynx, it was posterior to the graft, while 
in the other 2 it was anterior (Fig. 69). In the latter the absence of a posterior pharynx 
may have been the result either of the amoll amount of host tissue posterior to the graft 
or of the proximity of the posterior tip of the tail, or both. In this connection it should 
be men ti one d that there appeared to be a relationship between the length and diameter 
of the pharynx and the amount of tissue in which it developed, but the level at which it 
appeared was determined by the implant. Figures 67,70, and 72 illustrate this situation. 
In these, both induced pharynges developed at approximately the same distance from 
the graft; but the posterior one, extending into the narrow tip of the tail, was both 
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Figs 67, 68, 70, 72, 75, 76, and 78.— E. iigrina novangliac into E. dorotocephala. Fig. 69.— E. doroto- 
cephala into £. iigrina novangliae. Figs. 73 and 74.—£. tigrina into E. dorotocephala. 

Figs. 67 and 68.—DDAP. Union complete. 21 days. Host fissioned anterior to implant and normal 
head and pharynx reconstituted. 

Fig. 67.—Digestive tract reorganized and pharynx developed anterior, as well as posterior, to im¬ 
plant. Note that reversed pharynx is larger (also in Figs. 70 and 72). Following section at x-x, tail 
regenerated on posterior piece. 

Fig. 68.—Digestive tract reorganized, and pharynx developed anterior to implant. Digestive tract 
was not seen in tip of tail, since no food entered. Normal head regenerated following decapitation at 
x-x. Tail developed following section at y-y 3 weeks later. 

Fig. 69.—DDAA. Union complete. Graft has induced tubular outgrowth and pharynx with reversed 
polarity. 

Fig. 70.—DDAP. Union complete. 14 days. Digestive tract reorganized and pharynges developed 
anterior and posterior to implant. Two eyes (only one figured) in new tissue posterior to graft. 

Fig. 72.—Implants placed in both head and tail. DDAA. Union complete. 35 days. Graft in head 
has been incorporated into host. Pharynges have developed anterior and posterior to ventrally projecting 
tubular outgrowth induced by second graft. 

Figs. 73 and 74.—Union complete. DDAA. 14 and 35 days, respectively. Fig. 73.—Ventrally pro¬ 
jecting tubular outgrowth has developed and posterior part of host is under graft control. Fig. 730.— 
Portion of animal after V-shaped incision was made, giving graft a free surface. One week later host 
fissioned at x-x. Fig. 74.—Original eyes reduced to pigmented spots. New eyes, cephalic lobes, and two 
pharynges have developed. Tail, instead of head, has regenerated at A . One week later animal fissioned 
at x-x. 

Fig. 75.—DDAA. Left and posterior edges of graft failed to unite with host. 28 days. Graft polarity 
modified about 120°, and new eye has developed. Digestive tract (not shown) has reorganized. Tubular 
outgrowth and pharynx have developed posterior to implant. No regeneration occurred when sectioned 
at x-x 4 weeks later. After second removal (y-y), 8 weeks later, tail regenerated and second pharynx 
with reversed polarity developed anterior to implant. 

Flo. 76.—DDAA. Anterior surface of implant failed to unite with host. 21 days. Tail, instead of 
head, regenerated on host following fission 1 week after implantation. Graft has induced a tubular out¬ 
growth lined with dorsal epithelium. 

Fig. 77.—DDAA. Very small part of right surface of graft failed to unite with host. 35 days. Im¬ 
plant induced tubular outgrowth with two eyes (one not shown) opposite those of graft and two pha¬ 
rynges. From hole two auricle-like structures developed. Anophthahmc head developed after fission of 
hoBt s weeks earlier. When removed after 2 weeks, a millike structure regenerated. 

Fig. 78.—Triangular graft DDAA. Right ride of graft and very small part of left failed to unite with 
host, leaving & hole on left. 56 days. Tubular outgrowth developed posterior to graft. Second pair of 
eyes developed between hole and lateral surface of outgrowth. Host regenerated normal head after sec¬ 
tion at x-x. 
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shorter and smaller than the anterior. Some of Santos’ figures (Figs. 26, 29,36, and 37) 
show the same condition, but he does not comment on the situation. 

In 5 cases the host tissue on one side of the graft was removed, thus giving the graft 
a free surface. All 5 regenerated cephalic lobes and one or two eyes; and in each case the 
final polarity of the outgrowth was determined by the free surface (Figs. 73, 73a, and 74). 
There was no indication in these of migration such as was described for grafts in the 
pharynx. 

Incomplete takes (103 cases ),—Grafts in the tail which did not unite completely with 
their hosts regenerated their missing parts more or less completely, depending upon the 
amount of free surface. When union was nearly complete, tubular outgrowths de¬ 
veloped; but when one or more sides of the graft remained free, the resulting outgrowth 
was flat. As was true for other levels, the polarity of the outgrowth was determined by 
the free surface. This was shown by the cases in which it did not coincide with the 
original anterior surface of the graft (Fig. 75). 

In 16 cases union was nearly complete, and a tubular outgrowth developed. In 14 of 
these the outgrowth extended dorsally with the dorsal surface of the graft and host out¬ 
side (Fig. 75). In the other 2 cases it was ventral with the dorsal surface inside (Fig. 76). 

In s cases a very small portion of one edge of the graft did not unite, resulting in a 
hole between the graft and host. One or two cephalic lobes regenerated from this; and 
in the cases in which union was otherwise complete, a pair of eyes developed in the host 
portion of the outgrowth at the same level as those of the implant (Fig. 77). In 3 in¬ 
stances in which the graft united by only one surface, a second pair of photoreceptors 
developed between the hole and the lateral surface of the outgrowth, resulting in a com¬ 
pound head with three cephalic lobes and four photoreceptors (Figs. 78 and 79). These 
cases resemble rather closely that shown in Figure 57, in which a pair of eyes and two 
cephalic lobes developed in die new tissue anterior to an implant in the pharyngeal region. 
In 1 case a graft eye close to such a hole persisted for 14 weeks in a distinctly ectopic posi¬ 
tion, whereas usually photoreceptors at such a distance from the normal locus disap¬ 
peared completely in 4-6 weeks (Fig. 82). 

When the grafts in this level united by one edge, it was commonly the posterior (36 
cases). In these there was the usual regeneration of missing parts by the graft head and 
reorganization of the host both anterior and posterior to the level of implantation. Since 
cases similar to those obtained in this study have been described and figured by Santos 
(1931), they will not be taken up in any detail. In 4 cases a lateral surface of the graft 
united with the host. In these, as with some of the foregoing, in which a portion of a 
lateral, as well as the posterior, surface was involved in the union, there was the usual 
modification in the polarity of the implant. 

In a number of cases there were indications of the development of a tail between the 
host pharynx and the graft-induced one. These appeared first as slight swellings, which, 
as they grew, became supplied with a two-branched digestive tract. There were varying 
degrees of development of these outgrowths from slight projections to well developed 
tails. Figure 83 (PI. I) is a photograph of one in which the supernumerary tail was well 
developed. 

As was the case in other levels, reversal of the dorsoventral axis resulted in a pro¬ 
liferation of tissue at the line of union between graft and host. There was a tendency 
for the union to be superficial, involving only the two dorsal surfaces (PI. I, Fig. 84). 
This was probably a result of the greater contraction of the ventral than the dorsal sur- 
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face of the grafts when they were inverted. Incomplete unions were very common in 
these grafts, and the host window often tore apart directly anterior or posterior to the 
graft. In Figure 85 (PL I) we see a case in which the two portions of host tissue lateral 
to the graft developed into Luis after the original host tail had torn off. However, when 
both dorsal and ventral surfaces united, there often was regeneration of one or two heads 
and tails. In one of these the dorsal surface of the host was united with the ventral sur¬ 
face of the graft, and in the other the ventral surface of the host with the dorsal surface 
of the graft. Figure 86 (Pl. I) shows an interesting example of this sort. In this case the 
host underwent fission directly behind the implant. A host head developed with re¬ 
versed polarity, apparently induced by the graft, and with its ventral surface continuous 
with that of the graft. A single functional pharynx was induced, probably by the com¬ 
bined dominance of the two heads. 

Cephalic grafts in the tail with the anteroposterior axis of the graft reversed retained 
their polarity in cases of complete union and reorganized the host equally well as did 
grafts in normal orientation. With reversed anteroposterior orientation, however, the 
graft formed the anterior, rather than the posterior, half of the outgrowth; and the in¬ 
duced eyes were posterior, rather than anterior, to the graft (Figs. 68 and 70). 

In cases of incomplete union, cephalic grafts in the tail with anteroposterior axis re¬ 
versed gave results indistinguishable from those whose anteroposterior axes coincided 
with those of the hosts. 

In 17 cases the host tore apart immediately anterior to the graft. In 14 of these the 
graft completely prevented regeneration from the exposed surfaces of the host. In the 
other 3 a tail, instead of a head, developed in the host. It was in grafts such as these that 
the persistence of the graft species characters was most marked. Figure 87 shows a case, 
20 weeks after grafting, in which the species differences still were distinctly recognizable. 
The line between graft and host had faded out, but it was evident that the anterior and 
right portions of the compound were E. tigrina tissue while the posterior and left were 
E. dorotocephala. The persistence and replacement of graft tissues will be treated under 
"Discussion.” 

In 6 cases the posterior part of the host window tore apart, leaving the graft attached 
to the anterior piece of the worm. From the tom edges two tails developed in x case 
(Pl. I, Fig. 85), one tail in 3 cases (Pl. I, Figs. 89 and 90), and there was no regeneration 
in 2 cases (Fig. 88). 

In s cases a pharynx was induced with reversed polarity. These grafts may be con¬ 
trasted with similar ones in the pharyngeal region in which induction of a pharynx did 
not occur. In the latter the distance from the graft to host head was so short that there 
was no level of the gradient between them at which a pharynx could develop. However, 
in the case of implants in the tail the tissue between the two heads included the pharynx 
level, and reorganization by the graft expressed itself in the induction of a pharynx with 
reversed polarity. 

In 40 cases the host head and part of the host body were removed 2 or more weeks 
subsequent to grafting. Of these, 10 were cut a short distance behind the host head, 10 
about midway between the host head and the pharynx, 10 across the middle of the host 
pharynx, and 10 posterior to the pharynx. All of those cut dose to the host head, and 
those cut in the prepharyngeal region regenerated normal heads anteriorly. Of those 
cut through the middle of the pharyngeal region, 4 regenerated normal heads and 6 de¬ 
veloped tails, while all of those cut between the host pharynx and the graft regenerated 
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Figs. 79-81, 92, and 93.—JS. tigrina into E. dorotocephala. Figs. 82, 87, 88, and 94.—E. tigrina no - 
vangtiae into E. dorotocephala . Fig. 9 S-—E. dorotocephala into E. tigrina novangliae. Figs. 79-82, 87, 
92-95.—DDAA. Fig. 88.-DVAA. 1 

Figs. 79-81.—133 and 216 days, respectively. Left and a part of right side of graft failed to unite with 
host. Fig. 79.-—Short outgrowth of tisaue with two auricle-like structures developed from hole on right 
of graft. Tail, instead of head, regenerated from anterior surface (A) following fission. Fusion between 
two tails (A and P) beginning. Fig. 80.—Only main branches of digestive tract are figured. Lateral 
fusion of tails has resulted in doubled postpharyngeal region. Fig. 81.—Fission piece of Fig. 80. Note 
presence of three eyes and completely doubled digestive tract. 

Fig. 82.— Triangular graft. 35 days. Right and very small part of left side of graft failed to unite with 
host. Left graft eye, close to hole (H), remained 14 weeks before final disappearance. Replacement of 
graft epithclia almost complete. Tail has regenerated from anterior end of host (A) following fission. 

Fig. 87. Union by posterior surface only. Host tore apart at implantation level 1 week after opera¬ 
tion. 119 days. Graft has retained its specific characters, although line of union is no longer distinct. 

Fig. 88.—Triangular graft. Posterior surface of graft failed to unite with host. 14 days. Graft polar¬ 
ity modified about 140°, Host fissioned anterior to implant and tore apart posterior to it. Graft in¬ 
hibited anterior regeneration and dominated behavior of piece but was lost 2 weeks later. 

Figs. 92 and 93.—Anterior surface of graft failed to unite with host. 182 days. Fig. 93. —Regen¬ 
erated posterior third of fission piece with doubled digestive tract. Note two pharynges and partially 
doubled digestive tract. Fig. 93.—Piece fissioned from Fig. 92. Note single pharynx. 

Fig. 94.—Triangular graft Union by posterior surface of implant to dorsal surface only of host. 
21 days. Original eye reduced to pigment spot, and two new ones have developed. Note long tubular 
outgrowth from host and small size of graft. Graft gradually decreased in size and eventually pinched 
off at X-X 6 weeks later. Induced outgrowth remained until termination of experiment on 105th day. 

Fig. 95.—Double graft. Anterior implant in pharyngeal region, posterior in tail. Anterior united by 
right side only, posterior united completely. 21 days. Note three regions of influence in host: anterior 
under control of host head, middle under control of first graft, and tail dominated by second. Two weeks 
later, left eye of first graft was double, indicating 90° modification of polarity. 

Fig. 97.—Control E. dorotocephala. 42 days. Fission occurred at level of window; and, following, 
regeneration of normal head, outgrowth containing two-branched digestive tract appeared. 

Fig. 98.— E. dorotocephala. Control for Fig. 73. 21 days. Right side of host window tore apart, and 
teratophthalmic head regenerated. 
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tails. In addition to this experiment, there were 58 cases of fission posterior to the 
pharynx but anterior to the implant. Of these, 33 developed tails anteriorly, 20 showed 
no outgrowth of tissue at all, and 17 regenerated heads. Some of the fissions here re¬ 
corded occurred during the first week after operation. Of these, 16 developed normal 
heads, leaving only 1 case in which a normal head developed after the reorganization 
effects had begun to appear. 

In all cases in which tails were induced, there was a tendency for the two tails to be¬ 
come parallel and fuse (PL I, Fig. 91). In those which were observed for long periods of 
time (up to 15 months) the two tails gradually approximated, until finally a worm with 
doubled pharyngeal and postpharyngeal regions resulted. When fission of this double 
animal occurred, the fission pieces usually developed two to four photoreceptors and a 
more or less completely doubled digestive tract, consisting, in the most extreme cases, 
of two anterior branches, two pharynges, and four posterior branches (Figs. 80 and 81). 
In 1 instance sixteen successive fission pieces from a single graft showed this condition. 
Sonnebom (1930) produced doubled forms of Stenostomum as a result of treatment with 
lead acetate. These abnormalities were passed from one generation to another by fission, 
and therefore he considers them to be hereditary modifications. From the same point of 
view, the modifications described above could be considered hereditary, since they de¬ 
pended upon a self-perpetuating pattern persisting from parent to offspring. However, 
it appears to the writer that a most important feature of this “inheritance” has not been 
taken into account. This is the fact that all the “offspring” resulting from fission are, in 
reality, parts of the parent and must necessarily partake of such axial modifications of 
the parent as the doubling described by Sonnebom. In the cases reported here, it is 
extremely improbable that there was any modification of the hereditary units which 
might persist through sexual reproduction. An experiment was performed with the 
planarians which, because of the very small number of animals, was inconclusive except 
in one respect. Two large double specimens of E. dorotocephala were cut transversely 
into three approximately equal pieces and allowed to regenerate. The two anterior 
pieces regenerated a tail and a single pharynx. The two middle pieces, each containing 
two pharynges, regenerated a normal head and a tail containing a three-branched diges¬ 
tive tract. The posterior pieces regenerated normal heads and partially doubled diges¬ 
tive tracts, containing two pharynges and three posterior branches (Fig. 92). During 
the second week of regeneration fission occurred in the posterior pieces, and the fission 
pieces both reconstituted a single pharynx and almost normal posterior intestinal 
branches (Fig. 93). Further experiments along this line are necessary before the factors 
involved can be determined. However, since the same animal could produce single as 
well as double individuals, the persistence of the latter condition could hardly be called 
hereditary, even in the sense of Sonnebom. 

Triangular grafts (33 cases ).—The first grafts which were made in this study were tri¬ 
angular grafts in the tail region, made according to the method of Santos (1931). These 
implants contained less tissue than the rectangular grafts which were used later, but 
contained more of the cephalic ganglia. The postcephalic outgrowths induced by these 
were generally larger than those of the rectangular grafts, but often the host digestive 
tract did not unite with those of the grafts, and the latter did not persist (Fig. 94). 

In only 3 of the 33 cases of triangular grafts did the ventral surface of the graft unite 
with that of the host; in the other 30 cases it united with the dorsal surface of the host 
and the host ventral surface healed over. As a result of this, tubular outgrowths which 
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ended blindly were induced even in cases of incomplete union (Figs. 78 and 94), and the 
frequency of union between graft and host digestive tract was very much less than in 
rectangular implants. Among the rectangular grafts there were only 3 cases in which 
the ventral surface of the host did not unite with some part of the graft. 

Double grafts (18 cases ).—The effect of the level in which a graft is placed was strik¬ 
ingly illustrated in a series of 18 double grafts. Figure 72 shows the results of simultane¬ 
ous implantation of cephalic grafts in the head and in the tail of the host Both were 
complete takes; but the graft in the head healed without leaving any traces, while that 
in the tail induced a tubular postcephalic outgrowth and two pharynges. 

Figure 95 illustrates the result of simultaneous transplantation in the pharynx and 
tail. In this case the anterior graft united by the right side only, while the posterior 
united by all surfaces. Three well-marked regions of influence can be seen. That con¬ 
trolled by the host head extended about to the level of implantation of the first graft. 
The first graft controlled the movements of the host a short distance anterior to it 
and posteriorly about half the distance to the pharynx induced by the second graft. 
The second graft controlled about equal distances anteriorly and posteriorly. Figure 96 
(PI. I) is a photograph of a case in which grafts placed in the pharynx and tail both 
united with the host by all four surfaces. The three regions of influence evident in Figure 
95 can also be seen in this illustration. 

Controls .—The large majority of the controls replaced the parts removed, and within 
2-4 weeks were normal again. The exceptions consisted chiefly of cases in which the 
lateral edges of the window united, effectively preventing food from reaching the tip of 
the tail, which eventually either tore apart or disintegrated. In two cases a tail-like 
outgrowth developed behind the level of operation, and one of these was observed to be 
supplied by two branches of the digestive tract (Fig. 97). In one case one side of the 
window tore apart, and from it a teratophthalmic head regenerated. This dominated 
the behavior of the more posterior part of the specimen and completely reorganized it 
(Fig. 98). 


DISCUSSION 

TRIANGULAR VERSUS RECTANGULAR GRAFTS 

The increased frequency of takes by using rectangular, instead of triangular, grafts 
was mentioned in the section on “Methods.” In addition to this, the use of rectangular 
grafts has clarified the problem of polarity of the implants. In cases where implant and 
host united completely, Santos (1931) shows figures of small monophthalmic outgrowths 
of undetermined polarity and states that they were the usual result. In the experiments 
here, such outgrowths were common in triangular implants but were not observed in 
rectangular grafts. The small outgrowth of tissue in the triangular type grafts is thought 
to be the result of union of the grafts with the dorsal surface only of the hosts, since it 
was also observed in cases of incomplete union in which the host ventral surface was not 
involved. The monophthalmic condition was found by the writer to be the result of the 
partial removal of one of the graft eyes during operation and the absence of any regenera¬ 
tion. With rectangular grafts the ability of complete takes to reorganize host tissues was 
in many cases equal to that of incomplete takes. Pharynges were induced posterior to the 
implant in grafts in the pharynx; and in the tail, induction by complete takes extended 
both anteriorly and posteriorly (Figs. 39,40,41,67, 68, 70, 72, and 96). In fact, 1 of the 
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2 cases in which a pharynx was induced anterior to a graft in the pharynx level was a 
case of complete union (Fig. 41). This is in contrast to the findings of Santos (1931) 
with triangular grafts. 


POLAJUTY 

The anteroposterior polarity of cephalic grafts is shown in these experiments to be 
extremely labile. In cases of complete union there was little evidence that the axes of 
the grafts were modified except in anteroposterior grafts in the head. In these it was 
not possible to determine positively whether the implant retained its original axial orien¬ 
tation or not, but it seems likely that reversal occurred. There was no indication of lack 
of co-ordination of movement between host and implant or of cilia beating in opposite 
directions. The direction of the ciliary beat has been used by Rustia (1925) and by F. S. 
Miller (1937) as a criterion of the polarity of planarians and seems to be reliable. 

Grafts containing any appreciable amount of free surface always showed correspond¬ 
ing modifications of polarity. These modifications ranged from very slight changes, in 
which a single photoreceptor developed in close proximity to one of the graft eyes, 
through cases of 90° modification with two photoreceptors developing at right angles to 
the original ones (Figs. 46, 47, 48, 55, 56, 58, and 59), to complete reversal in cases in 
which the posterior surface of the graft remained free (Figs. 30 and 31). The latter type 
of modification was rare because the posterior surface of the grant united more common¬ 
ly than any other, but the results were consistent. 

The lability of the axial organization of the most complex and highly differentiated 
region of a planarian is quite remarkable. Under certain conditions eyes appear, and 
under others they regress and disappear. On the other hand, polarity varies with the 
position of the free surface or surfaces. These conditions are very difficult to reconcile 
with a concept of polarity such as that of Harrison (1921,1936), involving models used 
in stereochemistry. In order to do so, it would be necessary to develop additional 
theories to explain the reorientation of the hypothetical molecules with each modifica¬ 
tion in polarity. In a case such as is shown in Figures 47 and 48, three such modifications 
must be accounted for. In addition, the correlation between the exposed free surface 
and the polarity of a cephalic graft is unaccounted for by such a theory. Similar diffi¬ 
culties are encountered in attempting to interpret the observed modifications of polar¬ 
ity in these experiments with the space-lattice concept of Przibram (1921). On the other 
hand, the theories of Goetsch (1929) seem to be, in reality, chiefly a restatement of ob¬ 
served conditions rather than any constructive hypothesis which may aid in a true 
understanding of the significance of this general feature of organisms. 

By contrast with the foregoing, the gradient concept which has a large body of ex¬ 
perimental proof requires no additional hypothesis to account for the determination of 
polarity by a free surface. According to this concept, polarity is a function of the pres¬ 
ence of a dominant region and its morphogenetic activities along the anteroposterior 
axis. One of the most characteristic features of the dominant region is its relatively 
high rate of physiological activity, and so the problem of the origin of polarity resolves 
itself into the origin of a region of great activity. That regenerative processes are char¬ 
acterized by increased physiological activity of the cells at the free surface has been 
demonstrated in a large number of forms. That the polarity of a planarian regenerate is 
independent of the nervous system of the piece is indicated in the histological studies by 
FJexner (1898) on P. torva (syn. E. tigrina novangliae) and by Keiller (1910) on Planaria 
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simplicissima (syn. Curtisia foremanii ), which showed that the ganglia of the regenerate 
develop independently of the old nervous system. Similarly, Beyer and Child (1930) 
concluded from experiments on the reconstitution of lateral pieces of E. dorotocephala 
that the nervous system is not an essential factor in determining the polarity of the 
regenerate. 

Accordingly, we may suggest that the changes in polarity of the grafts resulted from 
activation of the cells of the free surface, which set up a new do min ant region in the 
regenerate, and that this region gradually expanded its physiological and morphogenetic 
control until the entire graft-controlled tissue was repolarized. There has been little 
work throwing light on gradient conditions within the head, but it is possible that the 
slope here is very slight. The great lability of the polarity of cephalic grafts would seem 
to suggest this. 

As was also found by L. V. Morgan (1906) and Santos (1931), the dorsoventral organ¬ 
ization of the planarian pieces used in these experiments was not susceptible to modifica¬ 
tion by any of the situations which arose as a result of grafting. In every case the dorsal 
and ventral epithelia of grafts retained their peculiarities, even though, as time passed, 
they gradually became replaced by host tissues. 

The results of these grafting experiments emphasize the fact that the tail of planarians 
which undergo fission is physiologically quite different from the head. It has been 
recognized for some time (Hyman, 1916) that the posterior, growing region of certain 
forms involves special conditions within the primary anteroposterior gradient. That this 
region is definitely polarized is shown by the fact that tails are regenerated from posterior 
surfaces of pieces from this level and heads always appear at the anterior surfaces. How¬ 
ever, the experiments reported here, and those of Santos (1931) and of F. S. Miller 
(1937), indicate that polarization is by no means as strong posterior to the pharynx in 
E. dorotocephala and E. tigrina as in more anterior levels, and emphasize the fact that 
the high physiological activity and great regenerative powers of this region should be 
more thoroughly investigated from a gradient point of view. 

REPLACEMENT OP GRAFT BY HOST TISSUE 

With few exceptions there was a gradual replacement of graft epithelium by that of 
the host. This has been described on page 219; and it was noted that the photoreceptors, 
as well as the epithelia, were replaced. Since the eyes are a part of the nervous system, 
this fact would suggest that the other tissues of the graft, as well as those which could 
be observed, probably were also involved in the replacement. 

The replacement of tissues was especially rapid in small grafts which were composed 
largely of ganglionic tissue. On the other hand, large grafts which contained, in addition 
to approximately the same amount of nervous tissue, some prepharyngeal tissue re¬ 
tained their specific characters for a considerable longer period, and in some cases did 
not show any appreciable replacement of epidermal structures during the entire course 
of the observations. Even in these, however, the line between graft and host faded out 
in time and the tissues of that region took on an appearance which was intermediate 
between the two species. 

The structure of the anterior part of a planarian seems to offer a suggestion as to the 
factors which determine whether a heteroplastic graft will or will not retain its specific 
differences. The head of a planarian consists largely of nervous and muscular elements 
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with very little parenchymatous tissue. It is from the latter that the more specialized 
cells are normally differentiated. By contrast, in the anterior prepharyngeal region 
nervous tissue is limi ted chiefly to the nerve cords; and, although the diverticula of the 
digestive tract occupy a much larger space than in the head, there is considerably more 
packing or parenchyma tissue. Curtis and Schultze (1934) have found also that there are 
more “formative cells” in this than in the ganglionic region. 

Grafts which retained their specific characters all united with the host by only a por¬ 
tion of the cut surfaces. In 2 cases they were grafts in reversed dorsoventral orientation 
(Fig. 29), and in the others they were grafts in normal orientation which united by only 
one surface. Thus, it will be noted that they were cases in which the grafts, because of 
free anterior and lateral surfaces, were able, to a considerable extent, to regenerate lost 
parts. With the regeneration of the parenchymatous tissue in the prepharyngeal region 
they were supplied with cells of their own species with which to replace those that be¬ 
came senescent, and thus they retained their specific characters. On the other hand, it is 
suggested that the situation, in the grafts which gradually developed host characters, 
was that the implanted tissues contained insufficient parenchyma cells to make the 
necessary replacements, and that this was accomplished by host cells. 

Of considerable interest in this connection are the observations on page 230. It is well 
known (Stoppenbrink, 1905) that starvation causes a reduction first of the reproductive 
system and then of the parenchyma, digestive tract, and muscles, leaving the nervous 
system practically unaffected over a long period. In the case shown in Figures 53 and 
54 it seems likely that starvation had reached a point where the implant was almost, 
if not completely, devoid of parenchymatous tissue. When feeding was reinstituted, it 
seems likely that host parenchyma migrated into the implant, for it soon began to take 
on the characteristics of the host species, although during the entire period of starvation 
the specific characters of the two components could be recognized. That host tissues do 
invade the graft is indicated by Steinmann’s findings (1933). Using hosts vitally stained 
with Cresylecktviolett , he observed that the digestive tract of the host invaded the graft 
for a considerable distance. 

GRAFT MIGRATION 

In the experimental section was noted the migration of cephalic grafts in the pha¬ 
ryngeal region. When this migration is compared with regeneration of the controls, 
some striking similarities are seen. When a window is cut in a planarian, the surround¬ 
ing tissues contract and a more posterior level is brought into contact with a more an¬ 
terior one. During regeneration new tissue forms between the two levels until they are 
again separated by approximately the same distance as before. Thus, in the process of 
regeneration the more posterior level may be said to have “migrated” back to its original 
level. In terms of gradients, we may say that, when two gradient levels come in contact, 
new tissue forms between them until the lower level is again separated from the higher 
by cells representing the intervening levels of physiological activity. 

It might appear, at first sight, that graft migration is fundamentally the same situa¬ 
tion excepting that the difference in physiological level between the tissues in contact 
is greater. New tissue would be expected to form between graft and host until the inter¬ 
vening levels of the axial gradient are restored. This explanation does not, however, fit 
all the facts, for, according to it, the reconstituting pharynx would be expected to ap¬ 
pear at the same level as the original one, that is, in the new tissue. This occurred in 
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the controls, but in the experimentals in every case but one the reconstituted pharynx 
was to be found caudad in the old host tissue. 

The indications are that the experimental procedure in some way rejuvenates the 
piece which is grafted. If this is the case, it would explain the hypertrophy of the grafts 
and graft induced tissues in comparison to the uninfluenced regions of the host. It 
would also interpret the observation that on one occasion, when the laboratory tem¬ 
perature rose suddenly over a week-end, the grafts of a number of specimens disinte¬ 
grated while the hosts re m ained intact. The greater muscular activity of grafts would 
also tend to indicate a higher general physiological activity, such as is characteristic of 
young planarians. If this should prove to be the case, then the facts observed regarding 
graft migration could be interpreted on the basis of a physiologically younger axis de¬ 
veloping at the expense of the host tissues. Two processes are involved in a case like 
Figures 42 and 43: first, the development of a morphogenetic field behind the graft, and 
second, the elimination of tissue in front of the graft. That host tissues were actually 
destroyed is shown by the disappearance of structures on the left side of the host head 
as the graft approached, while the left side of the graft gave little evidence of suffering 
from its proximity to another dominant region. 

If the graft is placed in anteroanterior orientation, it would be expected to migrate 
toward its level of origin; while if in anteroposterior orientation, it would migrate away 
from it. This is in agreement with observations of Santos (1931) on postcephalic grafts 
and with those reported here. 

INDUCTION AND RANGE OF DOMINANCE 

The very slight inductive ability of cephalic grafts in the head is in striking contrast 
to grafts in the pharyngeal and tail regions. Implants in the head induced outgrowths 
only when there was an exposed cut surface; and the supernumerary eyes which ap¬ 
peared when the grafts were ectopic or in reversed anteroposterior orientation are, at 
best, very questionable cases of induction. Since in two of the controls supernumerary 
eyes developed, there is a possibility that those of the experimentals were the result of 
regeneration by the host under slightly abnormal conditions. The occasional auricle-like 
structures may also have been regenerated rather than induced. 

In the pharyngeal level, cephalic grafts have greater inductive power than in the head, 
though less than in the tail. Short to medium postcephalic outgrowths developed, and 
the level at which reconstituting pharynges appeared was considerably farther posterior 
than in controls. Since these developed by reorganization of tissue which had not been 
injured in the operations, and since no control showed such development, we may say 
that these pharynges were graft-induced. 

Placed in the tail, cephalic grafts induced reorganization cephalad as well as caudad. 
Santos (1929,1931) reported the induction of pharynges in reversed polarity by grafts 
in postcephalic regions but did not show the condition of the digestive tracts of these 
cases. Feeding the animals blood has made it possible, in many of the cases described 
here, to observe that the digestive tracts were completely reorganized between the graft 
and the induced pharynges both anterior and posterior to the implant. There were in 
certain cases structural evidences of induction at a still greater distance from the im¬ 
plant. In those a second tail developed between the original host pharynx and the more 
anterior graft-induced one (Fig. 83). Observations on the -behavior of the compounds 
also indicated that graft dominance extended beyond the more anterior of the induced 
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pharynges. During locomotion there were well-defined zones under the influence of the 
host and of the graft. Stimulation of the graft resulted in contraction of the host as far 
anterior as the induced tail. On the other hand, stimulation of the host, unless severe, 
had little or no visible effect upon regions posterior to the induced tail. 

Inductive capacity is associated with the ability to inhibit independent differentia¬ 
tion by tissues in the neighborhood of the inducer. The distance along the axis that this 
controlling action extends has been called “range of dominance” (Child, 1924). With 
the dominant region anterior, the controlling action extends in a posterior direction 
only. However, when a dominant region is placed in the pharyngeal region or tail, it 
may extend its control in an anterior direction as well. It is possible to obtain a rough 
measure of the anterior range of dominance of a graft by decapitation of the host at 
various distances anterior to the implant. Data from the decapitation experiments 
showed that the range of graft dominance was greater in the tail than in the pharyngeal 
region. In the case of grafts in the pharyngeal region “inhibitory dominance” seldom 
extended more than 2 mm. cephalad. On the other hand, grafts in the tail usually in¬ 
hibited head regeneration from a cut surface as far anterior as the host pharynx, a dis¬ 
tance of about 4-6 mm. 

ROLE OP THE NERVOUS SYSTEM IN PLANARIAN INDUCTION 

The fact that the heads of planarians are largely composed of nervous tissue would 
suggest the possibility that this tissue was responsible in some manner for the resistance 
of the cephalic level to induction. If this were the case, there should be a marked reduc¬ 
tion in host resistance when implants were made directly behind the head in the anterior 
prepharyngeal region. Figures 31, 32, 33, 34, 35, 36, and 37 show that this was not the 
case. The results of Okada and Sugino (1934) on the Japanese P. gonocephda are of some 
interest in this connection. Their reported inductions of pharynges by implants from 
prepharyngeal regions show that in the Japanese species ganglionic material is not 
necessary for the reorganization of lower levels in the gradient. Santos (1931) did not 
report any inductions by implants from this level in E. dorotocephala and E, tigrina; but 
this matter probably should be reinvestigated, since it is known that pharynges will re¬ 
constitute in prepharyngeal pieces even if regeneration of a head is completely inhibited 
(Child, 1911c). 

SUMMARY 

1. A technique of operation involving rectangular transplants and ice as anesthetic 
gave a high percentage of takes between E. dorotocephala and E. tigrina . Four hundred 
and twelve cases of successful implantation of cephalic grafts were studied. Of these, 
105 were in the head, 113 in the pharyngeal level, and 174 in the tail. Twenty were 
placed in the anterior prepharyngeal region for comparative purposes. 

2. Union between the digestive tract of the implant and host was necessary for per¬ 
sistence and growth but not for regeneration of the graft. In all levels a free surface was 
necessary for regeneration by the transplant and determined its anteroposterior axis. 
Modifications of polarity up to 180° were observed. When union between graft and 
host was complete, there was no graft regeneration, and polarity apparently remained 
unmodified. Dorsoventrality of the grafts in all cases remained unchanged during the 
entire period of observation: 

3. In most cases there was a gradual centripetal replacement of graft epithelia by 
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those of the host. There was some evidence that tissues other than the epithelia were 
also involved. When the amount of union between graft and host was slight, this re¬ 
placement did not take place. 

4. Cephalic grafts in the head commonly united with the hosts by all surfaces and 
became incorporated in them. Their epithelia and photoreceptors eventually were re¬ 
placed by host tissue. 

5. When the anteroposterior axis of hosts and grafts in the head region did not coin¬ 
cide, whether by accident or as a result of implantation in anteroposterior orientation, 
supernumerary photoreceptors occurred. 

6. When grafts in the head did not unite completely, very short postcephalic out¬ 
growths developed; and often from the free edge of the host window a more or less com¬ 
plete secondary head appeared. 

7. In grafts in dorsoventral orientation there was more or less formation of new tissue 
between graft and host. In some cases this resulted in the development of additional 
heads, one surface of which developed from the implant and the other from the host. 

8. Grafts in the nonganglionic, anterior prepharyngeal region showed very little more 
ability to induce than did those in the head, indicating that resistance to induction is not 
dependent upon the amount of nervous tissue present. 

9. Grafts in the pharyngeal region induced larger postcephalic outgrowths than did 
those in the head. These were flat in cases of incomplete union but tubular in complete 
or nearly complete takes. A pharynx was induced posterior to the level of implantation 
in almost every case. In two cases a pharynx reversed in polarity was induced anterior 
to the graft. 

10. A gradual migration was noted in a number of grafts in the pharyngeal region. 
This was most evident during inanition and was characterized by the appearance of new 
tissue behind the graft and the disappearance of host tissue anterior to it. 

11. Cephalic implants in the tail region induced the largest outgrowths of tissue and 
the greatest reorganization of the host. This included reorganization of the two branches 
of the postpharyngeal digestive tract into a single prepharyngeal branch, development 
of pharynges anterior and posterior to the implant, and in a few cases a supernumerary 
tail between the pharynx of the host and that induced anterior to the graft. 

12. Triangular cephalic grafts containing more anterior levels but less actual tissue 
than the rectangular implants showed greater inductive capacities than the latter. 

13. Decapitation of the host anterior to the implants showed that the range of 
dominance of grafts in the pharyngeal region usually did not extend more than about 
2 mm. cephalad. In the tail region, graft dominance usually extended about to the 
posterior tip of the host pharynx. 

14. Double forms were developed from the posterior fission pieces of grafts with two 
tails. These possessed two pharynges, doubled prepharyngeal branches of the digestive 
tract, and more or less doubled postpharyngeal branches. Perpetuation of these by fis¬ 
sion occurred, but they certainly could not be called hereditary modifications. 

15. The gradient in host resistance to induction was strikingly illustrated in cases 
in which grafts were simultaneously implanted in different levels of the same host. 

16. In the discussion the following topics are treated: (a) triangular versus rectangu¬ 
lar grafts, (b) polarity, (c) replacement of graft by host tissue, (i) graft migration, (e) 
induction and range of dominance, and (/) role of the nervous system in planarian induc¬ 
tion. 
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PLATE I 

Photographs op Living Animals 

Figs. 28-30, 33, 71, 83-86, 89-91, and 96.— E. dorotocephala into E. tigrina novangliae . 
Figs. 31 and 32.— E. tigrina novangliae into E. dorotocephala . 

Fig. 1.— E, dorotocephala . 

Fig. 2.— E tigrina . 

Fig. 3.— E. tigrina novanglide possessing mid-dorsal light stripe, type used in these experi¬ 
ments. Note pharynx (P). 

grafts in the head region 

Fig. 28.—DVAA. Union complete. 273 days. Graft epithelia replaced by host tissue. 
Dorsoventral axis unaltered and no regeneration of host eyes. Same specimen shown in Fig. 
27,1 week after operation. 

Fig. 2q.—DVAA. Union by posterior part of dorsal surface only. 280 days. Graft (G) has 
regenerated head, tail, and functional pharynx. Species specificities kept during 10 months of 
observation. 

Fig. 30.—DVAP. Posterior surface of graft failed to unite with host. 21 days. No host head 
developed during 133 days of observation. 

GRAFTS IN THE ANTERIOR PREPHARYNGEAL REGION 

Fig. 31.—DDAA. Union complete. 175 days. Two auricle-like structures developed lateral 
to implanted eyes. Graft epithelia replaced by host tissues. 

Fig. 32.—DDAA. Anterior surface of implant failed to unite with host. 180 days. Host 
tissue disintegrated to right of graft. Epithelia, head shape, and cephalic lobes of implant (G) 
typical of host rather than graft. 

GRAFTS IN THE TAIL 

Fig. 71—DDAA. Union complete. 252 days. Note tubular, graft-induced outgrowth with 
pharynx (P) posterior to, and with pharynx {P f ) and very small projection anterior to, im¬ 
plantation level. 

Fig. 83.—DDAA. Union by graft posterior surface only. 133 days. Reorganization of diges¬ 
tive tract with induction of pharynx (P) anterior as well as posterior to implant. Note tail 
(T) between host pharynx and anterior graft-induced one. 

Fig. 84.—DVAA. Union by dorsal surfaces only. 21 days. Host fissioned during first week. 
Outgrowth of tissue does not involve ventral surface of host. Intestinal diverticula of graft 
failed to unite with those of host. Implant subsequently regressed and finally disintegrated. 

Fig. 85.—DVAP. Union by posterior and left edge of graft. 28 days. Host window tore 
apart at posterior angles 1 week after operation, and sides have developed into tails. Un- 
pigmented areas of three graft eyes (one R regenerated) seen through ventral surface. 

Fig. 86.—DVAP. Union complete. 70 days. Host fissioned immediately behind implant 
(G), and regenerated head (R) instead of tail opposite that of graft. Both share common ventral 
surfaces and pharynx (P) with reversed polarity. 

Figs. 89 and qo. —DDAP. 56 and 70 days, respectively. Anterior surface of graft failed to 
unite with host. Window in host tore apart posterior to implant. Fig. 8q. —Postcephalic out¬ 
growth and pharynx with reversed polarity induced by graft. Small tail-like appendage de¬ 
veloped from window. Graft epithelia replaced by host tissues. Fig. 90.— Photographed after 
feeding blood to show pharynges (P). 

Fig. 91.—DDAP. Union by graft posterior surface. 154 days. Fission piece. Tail and 
pharynx (P) with reversed orientation developed in host anterior to implant. Fusion of tails 
along lateral surfaces in progress. 

Fig. 96.— Two grafts (G). Both DDAA, union complete. 35 days. Temtophthalmic head 
regenerated on host after section 2 mm. anterior to first graft Note extent of control of each 
head caudad and cephalad, and reorganization of digestive tract and induction of pharynx (P) 
anterior to second graft 
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MODIFICATIONS OF DEVELOPMENT IN RELATION TO DIFFERENTIAL 
SUSCEPTIBILITY OF THE BRUCHID (COLEOPTERA) EGG TO KCN 
DURING DIFFERENT METABOLIC PHASES 
(Twenty-one figures) 

ALFRED BRAUER 

Department of Zoology, University of Kentucky 

T HERE is an abundance of experimental evidence showing that organismic pat¬ 
tern is physiological, rather than morphological, in its earliest manifestation. 
It has likewise been demonstrated in numerous instances that early physiological 
patterns are factors in the establishment of the permanent morphological pattern (Child, 
1924). Bellamy (1919) has shown that a physiological pattern precedes the development 
of the morphological pattern in the frog’s egg, and that the latter can be modified at 
will by altering the former. 

In the insect the egg at the time of opposition is not a mosaic of prospective values, 
as was formerly supposed. It has now been demonstrated for insects of several orders 
that such values are determined progressively soon after the laying of the egg (Seidel, 
1929,1934; Schnetter, 1934; Brauer and Taylor, 1936). 

During this period of determination the pattern of the insect embryo is labile and 
may be modified by disturbances such as constrictions involving the anterior fourth of 
the presumptive germ band or cautery of the same area. After these experiments regula¬ 
tion forms, such as complete embryos posterior to the constriction, are common. 

For the purpose of analyzing further the determination of pattern in the bruchid 
egg, especially as regards the determination of the primary axis, it was decided to at¬ 
tempt its experimental modification at various periods by altering physiological proc¬ 
esses through their differential susceptibility to KCN. It has been demonstrated 
(Hyman, 1919) that cyanide depresses the rate of oxygen consumption, and its differen¬ 
tial depression by this method is the subject of many papers (see Child, 1924, p. 76). 

The specific questions to which answers are sought are: (1) Is there any evidence of 
physiological pattern in the egg during blastokinesis or during that period when morpho¬ 
logical pattern is known to be labile? (2) Aiter formation of the blastoderm, is there 
any indication of arial pattern before it becomes visibly apparent? (3) If physiological 
patterns are apparent in the egg, is it possible to produce characteristic modifications 
of development by their alteration? 
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It is a pleasure gratefully to extend acknowledgments to Dr. C. M. Child for his 
interest in the problem and for valuable suggestions which he offered. 

Methods 

Gravid female pea weevils were confined to vials containing sterilized peas for 15- 
minute intervals, after which the peas were replaced by fresh ones. The peas with the 
newly laid eggs attached were divided into from three to five lots of 6 to 10 eggs each, 
depending upon the number of eggs available at one time. After incubating the eggs 
to the desired age at a temperature of 3o°C., the different lots were immersed in 
KCN M/100 for varying periods of time. The process was repeated until a sufficient 
number of eggs of each stage had been treated to give the experiment value. The mini¬ 
mum number of eggs for a time period of treatment at a particular developmental stage 
is 14, the maximum number 50, the average 25. Thus for example, several lots of eggs, 
each with from 6 to 10 eggs, which had been incubated for 2 hours, were treated for 
various periods of time. One lot was treated for 10 minutes, another for 15 minutes, 
another for 20 minutes and so on, until egg lots had been treated from 10 to 50 minutes 
or the lethal period of 100 per cent of the eggs at this stage. 
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Fig. 1.—Graph showing percentage of complete development (solid bars), leratological development 
(shaded), and no development (unshaded). A, first phase. B t second phase. C, third phase. Abscissas, 
time of treatment in minutes. Ordinates, percentages. 

After treatment in cyanide the eggs were thoroughly washed, dried on filter paper, 
and incubated. Those which were to be examined for immediate effects of treatment 
were returned to the incubator for only i-a hours, while those to be examined for 
ter&tological development were incubated for 48 hours longer. The eggs were then 
removed from the peas under dissecting binoculars, fixed, stained in toto, and cleared. 
From this point they were first studied entire, and in many cases drawings were made. 
They were imbedded by the celloidin-paraffin method. The celloidin blocks containing 
eggs were often filed away in vials of Komhauser’s clearing mixture. In this they could 
be re-examined at will, since the blocks were entirely transparent, or they could be im¬ 
bedded in paraffin for sectioning. 
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Susceptibility to KCN and Modifications of Development 
1. first phase: l — 6 j hours’ incubation 

A. GENERAL SUSCEPTIBILITY 

Eggs of less than hours’ incubation show almost immediate susceptibility when 
immersed in the solution, to the extent that they give grossly anomalous development 
or no organized development after further incubation. After only 10 minutes’ treat¬ 
ment, 45 per cent of the eggs give no development; 41 per cent give axiate but highly 
anomalous development; while only 4 per cent give complete development. The latter 



Fig. 2. —Graph showing comparative susceptibility in first two phases. Abscissas give time of treat¬ 
ment in minutes. Ordinates show percentage of eggs killed. A, B, C, treatment during first phase at 1, 
2}, and 4J hours, respectively. D, treatment at 7I hours (second phase) for comparison. 

include complete embryos which show microcephaly, and other slight defects of general 
form. From this point unorganized development increases progressively up to 50 
minutes’ treatment, alter which no eggs were found to give axiate development (Fig. 
1,1). 

There is a difference in {he initial reaction of eggs to treatment during this interval 
of time. Eggs treated immediately after oviposition react to treatment more quickly 
than do eggs aj hours old, and the latter more quickly than eggs 4^ hours old. The 
time required for killing lies between 35 and 40 minutes for any age less than 6J hours 
(Fig. 2). Eggs during the first phase, though showing no anal development, frequently 
give considerable tissue proliferation. It has been found that some eggs, seemingly 
undergoing no development upon gross examination, nevertheless show some cellular 
proliferation when sectioned. Any anal development may always be distinguished in 
stained and cleared eggs. 

Developmentally, eggs range from 16 to 200 cleavage nuclei or more during this 
phase. There is considerable range of difference in any batch of eggs all the same age. 


Vol. XI, No. 3, July, 1938] 



252 


ALFRED BRAUER 


B. DIFFERENTIAL SUSCEPTIBILITY: GROSS MODIFICATIONS 

A variety of developmental modifications are exhibited by treated eggs of the first 
6^ hours, which, however, are found to fall under one of three types, as follows: 

Unorganized terata: In some of these no development whatsoever is apparent in 
the stained and cleared eggs. Eggs are quite homogeneous throughout. These are un¬ 
common when treated for short periods, and increase in frequency for treatments of 
longer duration. In greater number are the eggs which contain darkly stained clumps 
of material which are amorphous and scattered. They are found laterally, anteriorly, 
or posteriorly. The formless clumps have been identified as unorganized terata. 

Axial terata: Of these, there are varied examples. The most anomalous appear much 
like the darkly stained clumps of the preceding group excepting that they are axiate 



Fig. 3. —Graph showing comparative susceptibility after first phase. D and E, second and third 
phases, respectively. F t susceptibility after the third phase. 

and exhibit segmentation. The anterior portion is sometimes differentiated into cephalic 
lobes. Others are quite complete embryos but are dwarfed and distorted (Fig. 4). 

Complete embryos: These occupy the entire ventral surface of the egg and are 
differentiated into head, thoracic, and abdominal segments. The embryos are anomalous 
in that they are microcephalia giants with poor development of head and mouth parts. 
The bodies are very broad. Segmentation is not distinct, and the ventral chain of 
ganglia is poorly developed. Terata of this type appear in eggs less severely treated 
and having a more complete recovery than those of the preceding forms (Fig. 5). 

1. The egg immediately after treatment: cytology .—For this study, eggs were treated 
after 2,4, and 6 hours’ incubation. After treatment they were returned to the incubator 
for only a short time (J-i hour) or until it was thought that sufficient time had elapsed 
for any injury to become visibly apparent. They were treated for 25 minutes, or suffi¬ 
ciently long to inhibit development of all but a small percentage of the eggs. They were 
then removed from the peas, fixed, and sectioned for microscopic examination. 

In all such eggs examined, cleavage nuclei were found undergoing mitotic division. 
No injury appears in the cells which have not reached the egg cortex. They retain their 
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staining capacity and in all respects appear normal. Nuclei which have reached the 
cortex but have not entered it, at 4-6 hours, remain under the cortex and do not become 
engulfed by it in the characteristic reaction exhibited by cleavage nuclei and cortical 
cytoplasm of normal eggs. The nuclei, however, still appear normal and exhibit mitosis. 
Nuclei already in the cortical cytoplasm at the time of treatment soon lose their capacity 
to hold stain, and become shrunken. 

The effects of treatment first become noticeable in the ooplasm, and particularly in 
the cortical cytoplasm. This appears contracted and shrunken, while the ooplasm just 
under the surface begins to undergo a vacuolation, apparently due to a contraction of 
the shrunken cytoplasm, which leaves the yolk globules behind in the interstices (see 
Fig- I 3)- It is the cortical cytoplasm of the treated eggs which appears to lose its ca¬ 
pacity to react with cleavage nuclei arriving at the surface. 

In eggs treated prior to 4 hours’ incubation, little differential susceptibility is dis¬ 
cernible. The cortical cytoplasm generally is very susceptible, and effects of treatment 
are easily seen in micro sections. 




Fig. 4.—Ariate dwarfed embryo occupying a portion of ventral egg surface (camera ludda). 

Fig. 5.—Microcephalic giant of first phase (camera lucida). 

2. The egg after further incubation.— Unorganized development: In section, eggs of 
this type are found to contain darkly staining patches of cells lying near the surface in 
various parts of the egg. These tissue patches appear to be the result of a continued 
proliferation of cleavage cells after treatment of the egg. The original cleavage cells 
arriving at the egg cortex, especially in the ventral surface near the anterior border, 
fail to become incorporated into the severely injured cortical cytoplasm. They continue 
to proliferate, however, and instead of forming a blastoderm in the cortical cytoplasm, 
form a clump of cells under the surface. These clumps are syncytia in which cellular 
boundaries arc not distinguishable (Fig. 6). 

In these eggs the cortical cytoplasm, as well as much of the internal cytoplasm, shows 
irreparable injury. On the ventral surface, cortical cytoplasm is usually entirely absent. 
On the lateral and dorsal surfaces, sometimes short strips remain. The cellular masses 
always appear to occur where there is some cortical cytoplasm; but in eggs of unorgan¬ 
ized development, no blastoderm is formed, however. 

The vacuolated areas within the egg are probably due to destruction of internal 
cytoplasm and subsequent shrinking, causing the yolk globules to mass together in the 
interstices. 

Eggs treated between 4 and 6J hours’ incubation already have a few cleavage cells 
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imbedded in the cytoplasm of the anteroventral legion. After treatment these cells 
may either fail to proliferate (and merely degenerate) or they may divide without further 
synthesis of protoplasm and form, over a portion of the surface, a thin, flattened layer 
containing nuclei. Whethei these cells degenerate or whethei they foim a regulation 
blastodeim in these areas probably determines whether the subsequent development is 
unorganized or organized. 

If any differences m reaction are appaient, the cortical cytoplasm of the ventral 
surface near the anteiior end shows the first e\ idence of susceptibility, followed by that 
of the anterior end and by that of the more posterior ventral surface, while that of the 
dorsal side is last to show the effects (Fig 7) 



Fig 6 —Section of first-phase egg ^ith unoiganued development Note that little coitical cyto¬ 
plasm remains m egg 

Fig 7 —Diagram of a medial longitudinal section of an egg shoeing surfaces and the presumptive 
regions of the egg suiface 

Differential effects of cyanide treatment during the first phase become definitely 
distinguishable in the cortical cytoplasm of eggs treated after 4 hours* incubation, or 
during the latter part of the first phase. In these the first and most apparent effects are 
in the cortical cytoplasm of the ventromedial surface near the anterior border. Here the 
cortical cytoplasm becomes very thin, and under it vacuoles form in the ooplasm. The 
effects diminish gradually from this center elliptically in all directions. The dorsal 
cortical cytoplasm is the last to show injury effects. The egg region showing greatest 
susceptibility is the legion at which cleavage nuclei normally fiist reach the coitical 
cytoplasm, and where a short time later the greatest concentration of cleavage cells 
occurs (Fig 8). 

When an egg treated at 4} hours and incubated 2$ hours longer is superimposed over 
one not so severely treated and which has undergone further development, the injured 
areas of the two show fairly dose coincidence. The affected area in the developed 
embryo extends from the prothoradc region up through the region of the mouth parts 

(Fig-9)- 

Organized axial terata: In this group are eggs containing embryos which range from 
small darkly staining dwarfed terata to large, more complete embryos with fairly well- 
formed segments. All of these embryos have cephalic lobes and some body segmentation. 
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The moie poorly formed lie far lateially in the egg, usually in the angle between the 
conve\ ventral suiface and the flattened doisal surface The head lobes are small, and 
the body segments are often asymmctiical In others, head lobes aie quite well de- 
\ eloped The body segments appear well formed but are highly anomalous 



Fu s He 9 


Fig 8—Diagram of vential view of an egg showing differential susceptibility to KCN Densely 
stippled area shows gieatest susceptibility 

Fig 9 —Outline diawing of a hist-phase egg with embryo, showing deficient area from pro thoracic 
region through maxillary region (solid lines), superimposed over a hrst-phase egg (stippled outline) 
faxed 2 hours after tieatment Stippled egg shows region of ventral surface most affected by treatment 
(inner ehptical stippled lmes) Outline by camera lucida 

Sections show the anteiior end of these embryos to be histologically differentiated. 
The ectoderm of the head lobes shows severe injury in that the cells are veiy irregular 
in form and outline, with nuclei of varying size. Head segments contain an entodermai 
canal with the cells of this germ layer considerably better developed than the ectoderm. 



Fla io —Section of oigaruzed embiyo of hist phase Injtuy is most apparent in ectoderm Develop¬ 
ment <?f mesoderm is abnormally gieat 

Posterior to the head region the cortical cytoplasm appears to have been injured 
considerably moie severely. Here ectoderm, normally the most prominent layer, is 
present, though poorly formed. Its cells are irregular or flattened. There is much evi¬ 
dence of cellular disintegration and occasional evidence in some parts of mitotic activity 
on the part of nuclei. The mesodermal layer is thicker and usually more abundant than 
in the normal embryo (Fig. io). Farther posteriorly, development of ectoderm is less 
complete and mesoderm becomes reduced, though there are differences in individual 
embryos. 
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The outstanding difference between the organized terata of this series and the unor¬ 
ganized formations of the former is that in all of the organized embryos an ectoderm is 
present. This undoubtedly means that the cortical cytoplasm of the egg was less severely 
injured than in the former series or that recovery took place, so that cleavage cells 
reacting with this cytoplasm formed ectoderm. The ectoderm of these embryos is un¬ 
doubtedly responsible for the formation of the inner germ layers by the mitotic division 
of ectodermal nuclei, though in some embryos the evidence for this is scanty. 

C. ANALYSIS OP MODIFICATION IN FIRST PHASE 

The entire period of development from 4 hour to 64 hours after laying is highly sus¬ 
ceptible to KCN. Treatment of eggs for short periods results in grossly anomalous or 
in unorganized development if it is not prevented altogether. 

Unorganized development is the result of a proliferation of cleavage cells within the 
egg, which have failed to become incorporated in the cortical cytoplasm. 

Axial development is accomplished after light dosage in some cases. Such embryos 
are formed by the germ layers. Ectoderm is formed where cleavage cells have been 
incorporated into the cortical cytoplasm of the egg. It shows severe effects of KCN 
treatment. Mesoderm, formed from the injured superficial cells, shows little cytological 
injury. 

Injury effects of treated eggs are apparent in the cortical cytoplasm and in the in¬ 
ternal cytoplasm of the egg. They appear to be greatest on the ventral surface near the 
anterior part of the egg. Because of this injury of cortical cytoplasm, cleavage cells 
fail to become imbedded in it, and no blastoderm is formed. The cleavage cells which 
have not arrived at the egg periphery, on the other hand, continue to divide. 

When cleavage cells become incorporated in the cortical cytoplasm, a continued 
development results in an axiate embryo. The more perfect of these lie on the ventral 
surface, while the dwarfed and badly deformed ones usually lie far laterally. Con¬ 
versely, all cellular proliferation within the egg, away from the cortex, results in unor¬ 
ganized cell masses. 


n. second phase: 64-12 hours 

A. GENERAL SUSCEPTIBILITY 

Developmentally this is the period in which the blastoderm is formed. All of the 
cleavage cells reach the cortical cytoplasm during the early part of the period; and by 
the latter part (12 hours) the cells on the ventral surface become crowded and columnar, 
to form the ventral plate. Visible axial development of this plate is then apparent. 

During the early part of this phase, although the eggs are still undergoing blas- 
tokinesis and are visibly but slightly advanced over the eggs of the latter part of the 
first phase, they show a markedly different reaction to treatment with KCN. 

In the first place the eggs are more resistant. This is shown, first, in that a longer 
period of treatment is required before they show evidences of treatment and, second, 
in that a much greater dosage is required to inhibit any further development (see Figs. 
iB and 3). More than 15 minutes of treatment is required before any of the eggs show 
effects. From this time the curve rises somewhat slowly to a dosage of 45 minutes, then 
more rapidly to 60 minutes, after which 90 per cent of the eggs are killed. Seventy-five 
minutes of treatment is required to prevent any of the eggs from showing further de- 
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velopment. Even after the effects of treatment become apparent, these are in contrast 
to those of the first phase in that all of the treated eggs show an axiate, organized de¬ 
velopment, though anomalous. 

In the second place this phase is distinguished from the first by the type of lerata 
produced. All of these are axiate, as mentioned above. The terata are elongate, twisted, 
and distorted. Their segmentation is deep and sometimes appears bilaterally asym¬ 
metrical. Cephalic lobes are well formed, and 
rudiments of mouth parts are present. The 
ventral ganglionic chain is apparent in some 
(Fig. ii). 

For an understanding of this anomaly it is 
necessary to refer to normal development of 
the beetle embryo during the period of germ- 
layer formation. During this period the ventral 
plate, which has formed on the ventral egg 
surface by a thickening of the blastodermal 
cells, elongates posteriorly and flexes around Fig . Ix — xemta of the second phase 

the posterior extremity of the ooplasm and 

pushes dorsally and anteriorly until a caudal extension is formed which almost touches 
the cephalic lobes forming at the anterior extremity of the plate. The ventromedial 
cells of the ventral plate then become very tall, undergo mitotic nuclear division, and 
form the mesodermal layer internal to the ectodermal cells of the ventral plate. 

The terata of the second phase are maldevelopments of the elongation of the ventral 
plate. Instead of flexing normally dorsoanteriorly and slightly to the right, they may 
flex in any direction. Since the plate is limited from extending farther posteriorly by 
the confines of the egg, it becomes displaced and distorted, twisted and turned. The 
normal dorsoanterior flexion appears to be inhibited, as few embryos succeed in com¬ 
pleting this phase of development. 

B. DIFFERENTIAL SUSCEPTIBILITY: HISTOLOGICAL 

i. Eggs incubated after treatment .—Only one type of egg need be described here, since 
treated eggs capable of further development develop as organized axiate embryos. 

In section the ventral plate of these embryos is usually narrower laterally than the 
normal, and is thinner vertically. There can be little doubt that the primary injury is 
to the ventral ectodermal plate. In the more severely injured, only a few small scattered 
nuclei remain. Cell outlines are obliterated, and occasional empty vacuoles are found. 
Strangely, the shape of the normal ectodermal layer is retained. This is thicker in the 
center and thinner laterally. 

The mesodermal layer, normally a thin sheet of cells lying over the inner surface of 
the ectoderm, is here abnormally thick and abundant. It not only covers the inner 
surface of the ectoderm but extends farther laterally than the ectoderm. This layer is a 
cellular syncytium (Fig. 12). 

The section illustrated also passes transversely through the tip of the caudal plate. 
Here no ectoderm is found, although the mesodermal mass appears to retain lateral 
prominences and a ventral groove. Mesoderm of the caudal plate is also shown to ex¬ 
tend farther laterally than normal. This regulation embryo is largely a mesodermal 
embryo. 
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An egg showing extreme displacement of the embryonic plate laterally is shown in 
Figure 13. The ectoderm of this egg has shown a greater recovery than that of the 
former, and a prominent medial groove is present. Cellular debris is found in the ventral 



Fig ia.— Section through thoracic portion of second-phase embryo. Tip of caudal plate show n on 
dorsal (concave) side of egg Ectoderm almost absent in this region. Mesoderm hyperplastic 

groove, indicating that the medial portion of the plate was either more severely in¬ 
jured or that it did not undergo recovery. The organization of ectodermal cells into 
two lateral masses indicates an attempt at formation of a ventral chain ganglion. 




Fig. 13.—Section of second-phase embryo in abnormal position. Ectoderm shows considerable re¬ 
covery. Mesoderm hyperplastic. 

Fig. 14.—Section of mid-thoracic region of second-phase embryo showing differential recovery in the 
ectoderm. Development in center of ectodermal layer is the first rudiment of the central nervous system, 
making a delayed appearance. 

Mesodermal cells are abundant but at this level do not lie so closely applied to the 
ectodermal cells. The egg likewise shows extreme injury to the cytoplasmic cortex, 
and this injury becomes more pronounced medioventrally. 

Differential recovery is illustrated in the ectoderm of some embryos (Fig. 14). The 
ectodermal cells of the embryonic plate are distinct medially and have formed a central 
ganglion-like structure which is in the first stages of development. Lateral to this the 
ectodermal cells are still very indefinite. Mesodermal cells have spread laterally beyond 
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the limits of the ectoderm. Mesoderm is again much more abundant than it is in the 
normal embryo. 

2. Eggs not incubated after treatment .—In eggs which are fixed, stained, and cleared 
just after treatment, the cleavage cells are seen at the egg surface. These are normally 
more numerous on the ventral surface just behind the point of the egg having the 
greatest vertical diameter. This is also the region at which the cleavage cells first reach 
the cortical cytoplasm. From here the concentration of cells diminishes over the re¬ 
mainder of the surface to the dorsal cytoplasm, where their concentration is least. 

In eggs treated at 7 hours and fixed £ hour after treatment is discontinued, injury is 
not so distinctly apparent as in those treated in the first phase. However, an area ap¬ 
pears at the cell concentration center, where the cells appear less distinct than they do 
in normal eggs. This area extends forward into the presumptive cephalic lobe level 
and posteriorly along the medioventral line through the upper thoracic region. The 
entire area most affected is concentrated more along the median line than it is in first- 
phase eggs (Fig. 15). 




Fig. 15 —Diagram of an egg of second phase showing differential susceptibility. Egg viewed from 
ventral surface. 

Fio. 16.—Section through presumptive pro thoracic level of an egg treated at 7} hours. The differ¬ 
ential susceptibility is shown in the medioventiol blastoderm. 

A study of sectioned eggs discloses the reason for the differences. Cleavage cells are 
well implanted in the cortical cytoplasm laterally and dorsahy, but ventroanteriorly, 
where normally they are most numerous and best established, there are relatively few. 

Coincident with the scarcity of normal cleavage cells there is a scanty cortical cyto¬ 
plasm. In many eggs there are spots where it is almost, if not entirely, absent, and 
vacuoles appear under its former surface (Fig. 16). 

Nearer the posterior egg extremity more cleavage cells appear in the cortex, but these 
are small and are scantily surrounded by cytoplasm. Indeed, the cytoplasm shows signs 
of great injury. It is the cytoplasm in all cases which appears to have been injured most 
by cyanide exposure, since nuclei with very little cytoplasm may be found in mitotic 
division. 

C. SUMMARY AND ANALYSIS OX TREATMENT DURING SECOND PHASE 

The second phase begins at 6£ hours and lasts until 12 hours at incubation tempera¬ 
ture. It is recognized by the increased tolerance of the eggs to cyanide treatment and 
by the type of terata obtained after such treatment. 
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All terata of this phase are axiate embryos They are elongate and abnormally 
twisted 

The embryos are composed of the germ layers Of these the ectoderm shows effects 
of severe injury, but also considerable recovery. Recovery, like injury, is differential 
within the embryonic plate, namely, in a mediolateral direction, and anteriorly and 
posteriorly from the region of highest susceptibilty The internal layer or mesoderm is 
abnormally abundant and appears to be the dominant tissue of second-phase embryos 
It is formed, as in normal embryos, by the mitotic division of ectodermal cells, where 
the latter have survived 

The type of anomaly is recognizable as a maldevelopment of a particular stage of 
normal development in which the embryonic plate grows in length In the terata this 
occurs abnormally, owing to an excessive amount of mesoderm and inhibition in the 
injured ectoderm. The embryos become abnormally twisted during elongation of the 
plate and remain in this condition because the normal contraction fails to follow. 

m. third phase: 12-16 hours 

A GENERAL SUSCEPTIBILITY 

In normal development this period is characterized by the thickening of the ventral 
blastoderm and the growth in length of the ventral plate thus formed. The plate flexes 
dorsoantenorly at its posterior extremity and forms the caudal plate. Ventromedially 



Ho 17 Tig 18 

Fig. 17 —Egg of i6J hours, showing thickening of ventral plate as a dark medial band The thicken¬ 
ing is due to the formation of the mesentodermal layer 

Fig. 18 — A, embryo of third phase, showing partial duplicity Doubling begins m pro thoracic region 
and extends anteriorly mto the head and posteriorly through the lower thorax JB, twinning or complete 
separation and reduplication of bilateral parts. 

the columnar cells of the blastoderm become tall By their mitotic division the meso¬ 
dermal layer is formed as a thin lamina of cells lining the embryonic plate At the 
anterior extremity of the plate, and likewise at the extremity of the caudal plate, this 
internal layer becomes the entodermal rudiment. In the more advanced embryos of this 
stage the ectodermal cells of the medial portion of the embryonic plate of the thoracic 
region are proliferating to form the anlagen of the ventral ganglia. Posteriorly, develop¬ 
ment is less advanced, and here the ventral plate is still in the process of forming the 
mesodermal layer (Fig. 17). 
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During the third phase, eggs are more susceptible to KCN than they aie in the second 
phase, and somewhat less so than they are in the first Complete inhibition of develop¬ 
ment is accomplished m 90 per cent of the eggs after from 50 minutes to 1 hour of treat¬ 
ment (see Figs iCand3) 

Eggs treated for 20-40 minutes tend to produce a doubling of the vential plate along 
the anteroposterior axis This is the characteristic anomaly lesulting from treatment at 
this time, and has been encountered in some form m 80 per 
cent of some treated batches of eggs 

Doubling ( duphcitas ) in these cases begins in and usually 
affects only the thoracic portion of the plate. In several cases 
it extends anteriorly to include the head, while in a few it 
likewise extends posteriorly and produces complete separation 
or twinning (Figs i &4 and 5 ) 

A more complicated form of doubling is illustrated by the 
embryo shown in Figure 19 It represents duphcitas antei 101 
and partial duphcitas posterior but is unpaired in the protho- 
racic region. This egg was treated at 13 hours and was there¬ 
fore nearing the end of the phase. Determination of definite 
laterality had probably been realized in the prothoracic re¬ 
gion at the time of treatment, and was therefore no longer 
subject to the same differential susceptibility as the re¬ 
mainder of the plate. Farther anteriorly in the head and 
farther posteriorly the levels were still labile, and were con¬ 
sequently affected in the characteristic manner. The lower thoracic level and the 
head level therefore show doubling, while the prothorax is undivided. 

B DOTERENTIAL STTSCEPTIBimY 

Injury from the effects of cyanide treatment is apparent in the sections of embryos 
treated for 23 minutes Again this occurs in the medial portion of the ventral plate, in 
that region where the first concentration of cleavage cells occurred and which leads in 
general development From this area the effects spread anteriorly and posteriorly but 



Fig 20 —Section through anterior thoracic level of treated third phase embryo. Most apparent 
injury in medial ectodeimal cells 

iemain concentrated along the medial portion of the plate. The particular cells most 
affected are those which are proliferating the ganglionic rudiments of the ventral chain 
of ganglia obliquely laterad from the median line. Many of the more lateral cells of the 
plate continue their activity, while the more medial ones become broken down. The 
impression obtained from this picture is that the center integrating these two slightly 
lateral areas is destroyed, permitting these regions to continue or resume development 
without this integration. The most noticeable effects are toward the anterior portions 
of the embryo, while the caudal plate is the last to suffer (Figs. 20 and 21). 
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Fig 19 —Anterior and 
partial posterior duplicity 
in late third-phase embryo 
The prothoracic region, be¬ 
ing precocious over other 
levels, has passed the labile 
stage and did not divide as 
did more anterior and pos- 
tenor levels 
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C. ANALYSIS 

At the time of treatment (12-16 hours) the ventral plate is in the process of extension 
and elongation. In the most advanced embryos the central region of the ventral plate 
is showing the organization of paired centers, the ventral ganglia. Injury is then greatest 
where regional activity is highest, namely, in the medial portion of the ventral plate. 
When recovery occurs, centers just lateral to the median line become most active and 
develop independently of each other. A portion of the embryonic plate becomes organ¬ 
ized around each of these centers and produces bifidity. 



Fig. 21 —Same embryo as Figure 17. Section taken more posteiiorly so as to include the basal por¬ 
tion of caudal plate. Injury is apparent in medial portion of vential plate but is not noticeable in the 
caudal plate. 

As in former phases, the prothoracic region is most highly susceptible. Doubling 
starts there and extends into the head and into the mesothorax secondarily. The pro¬ 
thorax likewise becomes determined bilaterally in advance of head and body levels. 

Discussion 

Two evident features of this study are (1) that there are distinct phases during early 
development in which the reactions of eggs to cyanide treatment differ markedly, and 
(2) that characteristically distinct developmental modifications are produced in each 
phase by differential susceptibility of the egg to cyanide, indicative of physiological 
changes leading to the establishment of a morphological pattern. 

SUSCEPTIBILITY PHASES 

The distinct changes in susceptibility which occur during early development in 
Briichus , as shown by Figures 1-3, do not coincide with visible steps in morphogenesis. 
It is probable that they do mark physiological processes initiating, and to some degree 
accompanying, developmental processes. For example, the first phase is found to coin¬ 
cide definitely with the period of embryonic determination in this insect (Brauer and 
Taylor, 1936). This is a physiological phase not delimited by distinct morphogenetic 
events. Each of the other phases probably also marks regional physiological differences 
which inaugurate morphogenetic processes. 

In this connection it might prove of value to analyze groups of eggs by Bodine’s (1929) 
method of measuring oxygen consumption in insect eggs, to determine whether respira¬ 
tory differences actually exist during the phases indicated. Bodine (1934) found no 
significant differences in oxygen intake in grasshopper eggs during active development. 
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MODIFIED DEVELOPMENT RESULTING FROM 
DIFFERENTIAL SUSCEPTIBILITY 

Bellamy (1919) showed that modifications produced by differential susceptibility of 
the frog’s egg were the result of alterations produced in the physiological egg pattern. 
As the physiological pattern undergoes progressive developmental changes, cyanide 
treatment at different periods will be reflected by the different morphological patterns 
produced. 

The same explanations account for the modifications obtained in the Bruchid egg. 
During the first 6i hours of development, when the egg passes from an indeterminate to 
a determinate stage (Brauer and Taylor, 1936), with the exception of an anteroposterior 
polarity, pattern has not been entirely fixed. In Brauer and Taylor’s paper, lability was 
indicated by the large number of double embryos and by the regulation embryos formed 
in the posterior two-thirds of the egg alone. In the present paper it is shown by the fact 
that, after only short periods of treatment, axial development is prevented in a large 
percentage of cases. Furthermore, this is the only period when cyanide treatment inter¬ 
feres with axiation. 

The point is further emphasized herewith that the “lay” of the embryo becomes 
definitely established during the first phase. During this time the ventral region nearest 
the anterior surface, namely, the presumptive prothoradc-maxillary region, becomes the 
area of the first and most decided response to treatment. In this area cleavage cells 
first reach the cortical cytoplasm, and here they become most concentrated. It leads 
generally in morphogenesis. Differential susceptibility of this region may change the 
lay of the embryo laterally, although it maintains its general anteroposterior orientation. 

The region of highest susceptibility in the bruchid egg corresponds rather dosely to 
that of the libellulid egg designated by Seidel (1934) as the differentiation center. This 
condusion was reached on the basis of constriction, and ultra-violet radiation experi¬ 
ments. Schnetter (1934), on the basis of constriction experiments on the honeybee egg, 
determined the organization center to be prothoradc-maxillary in location. 

The cyanide experiments indicate a bearing on the integrating capadty of the region 
in the following manner. In eggs treated from 10 to 25 minutes, axial development is 
frequently inhibited; but in many instances there is still some regulative development of 
the egg. Such regulation embryos, instead of lying on the ventral surface, are centered 
around the anterolateral or anterodorsal cytoplasm. Thus, with the disintegration of 
anteroventral cortical cytoplasm, that of an adjacent region becomes dominant and as¬ 
serts its more limited capadty to organize. The organizing capadty, like the gradient 
of differential susceptibility in this cytoplasm, is from the ventral toward the dorsal 
surface. 

By the beginning of the second phase the axiate pattern and the general position of 
the embryo have become determined. Further alterations are now brought about by 
differential susceptibility and differential recoveries within this general pattern. The 
peculiar form assumed by these embryos is due to a modification of the relationships of 
the primary layers. The abnormal twisting which the embryos undergo is explainable 
on a mechanical basis, namely, that the inner mesoderm becomes more abundant and 
more active than the more affected ectoderm. The result of this is that normal flexure 
of the embryonic plate is prevented— and flexures may even be reversed. 

By the modifications produced in the third phase it becomes evident that all parts 
of the embryonic plate are not yet irrevocably determined, at least as regards bilater- 
Vol XI, No 3, July, 1938] 



264 


ALFRED BRAUER 


ality. The modifications produced in the plate at this time range from partial doubling 
(1 iuplicitas cruciate) to complete twinning. This implies that any or all levels of one 
side of the plate still have the capacity to reduplicate the other side. The reduplication 
as here produced is explainable in the sections of the embryonic plate. As shown, it is 
due to the greater susceptibility of the medial portion of the plate, and a subsequent 
physiological isolation of the more lateral portions, which assume a physiological 
dominance. Doubling begins at the most susceptible region, which is prothoradc. 
From here it extends forward into the head and posteriorly through the thorax. It may 
likewise spread farther anteriorly and posteriorly to produce complete separation and 
reduplication. 

Differential susceptibility has here produced the same effects, after a fashion, ob¬ 
tained by Krause (1934) by mechanical means. By the removal of portions of the em¬ 
bryonic plate of the cricket, Tachycines , by puncture, or by indsions made on the plate 
with a glass needle, he produced various forms of reduplication. He found the type to 
be dependent upon the part of the plate from which removal of material was made, 
and upon the stage of development of the embryo. According to his figures, the em¬ 
bryonic plate of Bruchus is at approximately the same stage of development at 12-16 
hours as that of Tachycines at the time the operations were made. 

Krause has explained doubling by the mechanical separation of parts and the capadty 
of these parts to reduplicate because of the regulative capadties retained by the parts 
up to that particular stage of development. In Bruchus it is apparent that the physiolog¬ 
ical isolation produced by differential inhibition of oxygen intake produces the same 
effects that mechanical separation produce. The two insects appear to be in dose agree¬ 
ment as to the progress of embryonic segregation within the embryonic plate, namely, 
from prothorax anteriorly and posteriorly. 

It will be noted that doubling of the embryonic plate takes place at a different stage 
than it did after anterior cautery and anterior constriction in former experiments 
(Brauer and Taylor, 1936). At that time reduplication was obtained during the first 
phase. The duplicate embryos were always formed at more posterior levels than in 
the normal egg. In the present cases the embryos retain their natural level, as deter¬ 
mined in earlier stages. 

DIFFERENTIAL SUSCEPTIBILITY OF EMBRYONIC LAYERS 

Certain impressions pertaining to origin of germ layers and their relative values may 
be obtained in these studies. It must again be pointed out that cyanide treatment dur¬ 
ing the first phase takes place prior to the arrival of cleavage cells in the superficial 
cortical cytoplasm. In these eggs it appears that the cleavage cells are less susceptible 
to treatment than the cortical cytoplasm. The cells continue to proliferate except after 
very severe treatment, but they do not react with the cortical cytoplasm. The result is 
that no blastoderm is formed. The masses of cleavage cells without a cortical cytoplasm 
are incapable of giving any kind of organized development under these conditions. It is 
thereby indicated that activity of cortical cytoplasm is necessary for the determination 
of prospective values; and furthermore, when the differential susceptibility of egg regions 
is taken into consideration, it appears to be the cytoplasm of the anteroventral region 
that is necessary for complete organized development. 

In the second phase the eggs are subjected to treatment prior to the formation of a 
blastoderm, or, at any rate, before it has been completed. In eggs which continue to 
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develop after treatment, an ectoderm is always formed—at least in part. Its cells quickly 
give rise to an internal layer which is the mesoderm, except in two definite areas, where 
it has been designated as entoderm. The inner layer, either because of its release from 
the physiological dominance of the injured ectoderm or because it actually absorbs 
some material from its injured cells, undergoes a hyperplasia. Some of the resulting 
embryos are preponderantly mesodermal embryos. 

T rip: TT F. A'n 

It becomes readily apparent that in the sequence of physiological development of 
pattern in this insect the head is secondary in origin and remains so during the phases 
studied. From the works of Seidel, Schnetter, and Krause it is probable that this is the 
case in other insects. To what factors in development does thoracic dominance owe its 
origin? For how long during development is this dominance maintained? Surely the 
insect with its specialized anterior sensory development has a cephalic integrating 
centerl These and other questions arise in this connection, but so far are only suggested. 

Summary 

1. The development of pattern was studied in the egg of the cowpea weevil by an 
analysis of the modifications produced by the differential susceptibility of the egg to 
KCN. 

2. In early development three metabolic phases are distinguishable. They are 
characterized by the degree of susceptibility and by the nature of the modifications 
produced. 

3. The phases are as follows: First phase, from oviposition to 6§ hours after ovi- 
position, during which time the eggs are highly susceptible. The terata of this phase are 
typically inaxiate. Second phase, from 6£ to 12 hours, during which time the eggs are 
much more resistant and the terata are elongate and always axiate when development 
takes place at all. Third phase, 12-16 hours, at which time the eggs are again less re¬ 
sistant than in the second period. The characteristic modification is partial to complete 
doubling along the anteroposterior axis. 

4. During the first phase susceptibility becomes highest on the ventral surface. The 
most susceptible area gradually becomes restricted to the presumptive prothoracic- 
maxillary region. 

5. Severe injury to the anteroventral cortical cytoplasm prevents its reaction with 
cleavage nuclei and their aggregation at that place, although the nuclei may continue 
to multiply within the ooplasm for some time. With destruction of anteroventral 
cytoplasm a modified embryonic plate may be formed around a new center or centers 
lying more dorsal. Capacity to form an organized axiate plate appears to become less 
the farther the new center is removed from the ventral surface. 

6. Aggregations of cells are frequently formed by cleavage nuclei, which fail to be¬ 
come imbedded in cortical cytoplasm. These cells may undergo hyperplasia to form 
amorphic masses. 

7. In second-phase eggs injury is most severe in the ectoderm of the embryonic 
plate. From the presumptive prothoradc-maxillary region injury extends in a declining 
gradient through the anterior portion of the head and posteriorly through the embryonic 
plate. Differential recovery frequently follows the same course. 
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8. Mesoderm (mesentoderm) is always formed in second-phase embryos. With the 
injury of ectoderm the mesoderm becomes hyperplastic. Its great increase is probably 
the cause of the abnormal flexions in these embryos. 

9. Third-phase eggs are treated in the ventral-plate stage. Injury is severe in the 
medial portion of the plate anteriorly, and declines anteriorly and posteriorly. Differen¬ 
tial recover}" follows the same course. 

10. Separation of the plate along the anteroposterior axis is easily accomplished by 
differential susceptibility. When this occurs, there is a reduplication of the other half, 
by each side. This is an indication that determination of definite bilaterality has not 
been accomplished at this particular time. 

11. The prothoracic region is the first to become definitely determined as to bi¬ 
laterality. After this occurs, doubling and reduplication are no longer possible in it, 
although head levels and lower body levels may still reduplicate. 

12. The location of the integration center in Bruchns agrees with the location of the 
center in other insects which have been studied, but differs from other axiate animals 
in that it is not anterior in the head. 
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ULTRA-VIOLET RADLVTION OF GRASSHOPPER EGGS (ORTHOPTERA) 1 

(Seven figures) 

0 . MALCOLM RAY AND JOSEPH IIAIX BODINE 
Zoological Laboratory, State University of Iowa 

T HE numerous contributions in the field of the biological action of ultra-violet 
light may be divided into four general groups based on the experimental ma¬ 
terials used: first, the effects on protoplasm as studied in protozoa and plant 
cells; second, the effects on marine eggs; third, the bactericidal effect; fourth, the effects 
on chemical compounds of especial biological importance (Heilbrunn, 1932; Heilbrunn 
and Daugherty, 1933; Black, 1936; Lillie and Baskervill, 1922; Wyckoff, 1931; Crowe, 
1936; Hollaender and Duggar, 1936; Harris, 1926; Spiegel-Adolf and Oshima, 1929; 
Laurens, 1928; Clark, 1922; Burge, Fischer, and Neill, 1916). 

In the present work a quantitative study has been made of the effects of ultra-violet 
irradiation of the developing eggs of the grasshopper, Melanoplus dijferenlialis. This 
material is especially suitable for use in an investigation of this kind since the course of 
normal development is well understood (Slifer, 1932a) and various physiological con¬ 
siderations are at hand (Bodine, 1929,1932; Bodine and Boell, 1934; Slifer, 19326). 

MATERIAL AND METHODS 

The effects of ultra-violet light have been determined largely through changes in the 
oxygen consumption of the eggs. For this work, modified Krogh differential manom¬ 
eters were employed (Bodine, 1929). Five to ten eggs were used in each manometer, 
and experiments were performed in such manner that different eggs were used daily as 
well as the same eggs repeatedly. One hundred or more eggs were used in obtaining 
data for each oxygen-consumption curve, and from two hundred to one thousand eggs 
constituted an experiment. Hatching records were also kept. 

As a source of ultra-violet light the entire spectrum of an air-cooled quartz mercury- 
vapor lamp operating on 110-15 volts A.C. and 3.7 amperes at a distance of 15 cm. was 
used. The eggs were radiated on damp filter paper, in glass dishes covered with quartz 
plates mm. thick, or with glass plates 1 mm. thick for experimental and control ex¬ 
periments, respectively. The dishes were placed on wet toweling, and their temperature 
was kept at 22°-24° C. during the irradiation. The dosage was controlled by varying 
the length of exposure. 

Removal of the chorion was accomplished by placing the eggs on adhesive tape, 
loosening the chorion with a needle, and then removing the egg, leaving the chorion 
behind on the tape. 

RESULTS 

1. The permeability of egg membranes to ultra-violet light .—The grasshopper embryo 
and yolk are surrounded by two membranes during the greater part of embryonic de¬ 
velopment (Slifer, 1932a). When the egg is laid, only the outer membrane, the chorion, 

1 Aided by a grant from the Rockefeller Foundation for work on the physiology of the normal cell. 
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is present. About the seventh day of development the inner transparent cuticle is laid 
down, after completion of which the outer membrane (chorion) may be peeled off, per¬ 
mitting direct observation of the embryo. It was first necessary to determine the per¬ 
meability of these membranes to ultra-violet light. 

To test for the penetration of primary radiations, a lithopone paste (Ellis and Wells, 
1925) was put between two quartz plates; and pieces of the membranes, moist and dry, 
were placed on the plates and exposed to ultra-violet light for various intervals up to 2 
hours. During this time there was no darkening of the lithopone paste beneath the 

TABLE 1 

Effect of varied amounts of ultra-violet radiation on grasshopper eggs with 

CHORION AND CUTICLE AND WITH CHORION ALONE 

Prediapause eggs have only the chorion for 7 days after laying; beyond that time both membranes 
are present. The values are given in percentage of eggs started and the days after diapause on which the 
eggs hatch are indicated. 


Days Postdiapause on Which 
Eoos Hatch 


Time ot Radiation 

17 

18 

10 

B 

91 

99 


To¬ 

tal 

Prediapause eggs: 

One hour daily for 5 days from laying j ' 

One hour daily for io days from laymg j ‘ ‘ ' 

One hour daily for 13 days from laying j 

Diapause eggs: 

One hour daily for 38 days { ggtoahii.'! .. 

Postdiapatise efjgs: 

One hour dally for 20 days. 

Two hours daily for 20 days. 

Three hours daily for 20 days. 

Four hours daily for 20 days. 

Control— 2 hours daily for 20 days under glass. 

0 

0 

0 

0 

0 

0 

1 

2 

5 

8 

6 
12 

0 

0 

3 

2 

3 

0 

0 

0 

2 

23 

12 

8 

20 

16 

80 

88 

80 

78 

86 

82 

88 

87 

20 

34 

28 

40 

14 

2 

1 

5 

0 

4 

2 

1 

0 

37 
34 
32 
14 

38 

6 

0 

1 

1 

0 

3 

3 

5 

5 

4 

6 

6 

10 

0 

I 

0 

I 

0 

3 

1 

0 

0 

0 

0 

0 

0 

I 

| 

89 

93 
88 
85 

90 
90 

94 
96 

93 

94 
90 
92 
84 


pieces of chorion and cuticle, indicating an impermeability to the primary radiations 
of ultra-violet light. 

The fact that only the chorion is present for the first 6 days after the eggs are laid 
and that it may be removed after the fifteenth day, leaving only the cuticle, provides an 
excellent opportunity to study the penetration of the secondary radiations as shown by 
effects on the eggs. The results of irradiation with the chorion alone and with both the 
chorion and cuticle are presented in Table 1. The upper part of the table represents a 
period during the first 6 days, when the chorion alone is present. In the remainder of 
the table both membranes are in place. It is apparent from this table that there is no 
effect of the irradiation on the intact egg. In the case of postdiapause eggs that were 
irradiated as much as 4 hours daily for 20 days, there ft still no effect. 
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The oxygen consumption of prediapause and postdiapause eggs after irradiation is 
presented graphically in Figure 1. From inspection of this figure it may be noted that 
the respiration of the experimental and control groups is very similar, there being no 
obvious effect of the ultra-violet irradiation. In view of these results the chorion has 
been removed from all of the eggs used in the following experiments. 

2. The effect of single exposures on dechorionated postdiapause eggs .—Figure 2 is a 
graphic presentation of the changes in oxygen consumption of groups of dechorionated 



Fig. i. —Effect of ultra-violet irradiation of prediapause and postdiapause eggs with chorion, and 
with chorion and cuticle present, on their oxygen consumption. In the postdiapause group, curve A 
(control) was irradiated 2 hours daily under glass, curve B was irradiated 2 hours daily, and curve C 
4 hours daily. The eggs hatched at the end of this time. In the prediapause group, curve F is the control 
(2 hours daily under glass), curve E was irradiated 2 hours daily, and curve D 4 hours daily. The solid 
black area indicates the time during which only the chorion is present. The decreased respiration about 
the twentieth day is due to the normal occurrence of diapause. 

eggs irradiated by single exposures of different lengths on the first day of postdiapause 
development. It should be noted that single exposures of less than 15 minutes produce 
no apparent effect. A 15-minute exposure causes a small but consistent st i mulation, 
while there seems to be a very definite threshold between a 15- and 30-minute exposure, 
the latter being decidedly detrimental to the eggs. Partial recovery is evidenced after 
exposures of 30 and 60 minutes, but longer periods of irradiation permit practically no 
development. The hatching record of these eggs is shown in Table 2. It may be seen 
that this is in agreement with the altered oxygen consumption and shows the ma x i m u m 
effect in 90-minute exposures. The curious retardation in hatching of eggs irradiated 
30 minutes or longer reappears more strikingly in a later experiment. 
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3. The effect of daily irradiation of postdiapause eggs .—From an inspection of Figure 3 
it may be noted that postdiapause eggs are particularly susceptible to short, daily ex- 



F 10 ’ 2.—Effect of single ultrarviolet irradiations on the respiration of dechorionated postdiapause 
eggs. The eggs were irradiated on the first day out of diapause, as follows: curve A (control) 2 hours 
under glass, curve B 15 minutes, curve C 30 minutes, curve D 60 minutes, curve E 90 minutes, and 
curve F 120 minutes. 


TABLE 2 

Effects of single ultra-violet radiations of the amounts indicated on the 

FIRST DAY AFTER DIAPAUSE ON TIIE HATCHING OF DECHORIONATED EGOS 

Values are given in percentage of eggs started and the days after diapause on which the eggs hatch 
are indicated. 


Dus 10 Hatch 


nun op 
Radiation 

31 

33 

33 

*4 

as 

36 

38 

30 

31 

3a 

34 

37 

43 

47 

So 

To¬ 

tal 

Control. 

33 

30 

33 

4 













13 minutes.. 

22 

30 

14 

10 

4 
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80 

Cl 

30 minutes.. 

.... 
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18 

6 
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60 minutes. 
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6 


6 

6 

9 

6 
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D* 

3« 

90 minutes. 

.... 

,,,' 

2 
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2 

3 

8 
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• • ■ » 
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120 minutes. 
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2 

A 
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.... 
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posures to ultra-violet light Daily exposures of 5 seconds seem to have no effect. Fif¬ 
teen-second exposures produce a slight stimulation in oxygen consumption but with a 
reduced hatch. Daily irradiations of r minute or longer greatly reduce all activity of 
the eggs, and only a few hatch. 

4. Recovery and increasing resistance with age .—To study the recovery after various 
amounts of irradiation, ten groups of eggs were selected, and nine of these were given 
daily irradiations of 15 minutes for from 1 to 9 days, beginning on the first day of post¬ 
diapause development. Figure 4 is a graphic presentation of the changes in the oxygen 
consumption in these groups. After one or two exposures a slight stimulation is sug¬ 
gested. Three, four, and five 15-minute exposures permit development to about 50 
per cent of normal. Six or more exposures, totaling 90 minutes or more, gradually re¬ 
tard development, and finally the respiration begins to decrease. Less than 5 per cent 
of the eggs hatch. The hatching record of this series is summarized in Table 3. Again, 



Fig. 3.—Effect of daily irradiations of amounts indicated for 18 days on the hatch and respiration of 
dechorionated postdiapause eggs. The diagonal-striped columns represent the percentage of hatch, and 
the solid columns represent the percentage of oxygen consumption, based on the controls as 100 per cent. 

the group showing a slight stimulation in respiration shows also a marked decrease in 
hatch as compared to the control group. An even more decided retardation in hatching 
is demonstrated here than in Table 2. 

The resistance of the eggs to ultra-violet irradiation seems to depend on their physio¬ 
logical condition rather than simply to increase with age. Figure 5 summarizes the re¬ 
sults with eggs that were given single 30-minute exposures at different stages of post¬ 
diapause development and indicates at first a moderate resistance to irradiation which 
decreases markedly by the sixth day and from that time increases with age to a ma xim um 
about the eleventh day. The hatching record was in close agreement with these changes 
in oxygen consumption. 

5. The differential effect on the eggs .—It should be considered whether the effect is the 
same on the entire egg or whether it is limited to the yolk or to the embryo. In this 
series of experiments the eggs were partially dechorionated so that only the yolk was 
exposed. However, during yolk engulfment the embryo would become exposed about 
the tenth day of postdiapause development. The results are presented graphically in 
Figure 6. Two groups of eggs were prepared as above described and were irradiated 1 
hour daily from the first day of postdiapause. Just before the embryos became exposed, 
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Fig. 4.—Effect on the respiration of dechorionated postdiapause eggs from one to nine daily irradia¬ 
tions of 15 minutes. The number of the curve indicates how many 15-minute irradiations a group has 
had over an equal number of days, i.e., curve 0 is the control group, curve 1 was irradiated 15 minutes on 
the first day out of diapause, curve 2 was irradiated 15 minutes daily on the first 2 days out of diapause, 
etc. 

TABLE 3 

Effect of i5-minute, daily ultra-violet radiations for i to 9 days after 

DIAPAUSE ON THE HATCHING OF DECHORIONATED EGGS 

The values are given in percentage of eggs started and the days after diapause on which the eggs 
hatch are indicated. 


Days to Hatch 


Minot* Radia¬ 
tions 

17 

18 

10 

| ao 

ax 
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26 

28 
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the irradiation of one group was continued under glass (controls), while the other group 
was exposed under quartz, as before. Apparently there is no effect on the respiration 



I 1th. DAY 

PER CENT. 


an ioo 


Fig. 5. —Effect of single exposures of ultra-violet light on the different ages of postdiapause eggs. The 
eggs were irradiated for 30 minutes on the day of postdiapause development, as indicated. The diagonal- 
striped columns, plus the portion occupied by the arrows, show the percentage of hatch. The solid black 
columns show the percentage of respiration over the entire postdiapause period. The portions occupied 
by the arrows show the percentage that died immediately after hatching. Percentages are calculated on 
the basis of the controls as 100 per cent. 



Fig. 6.—Effect of daily irradiations of 1 hour on the yolk of postdiapause eggs. Curve A (controls) 
was irradiated under glass. Curve B was irradiated with the yolk exposed until the tenth day( indicated 
by the arrow), after which it was also irradiated under glass. Curve C was irradiated during the entire 
period, with the embryo becoming exposed about the twelfth day. 

until the embryo itself is exposed to the ultra-violet light, at which point there is a 
retardation and finally a decrease. Eggs in which only the yolk was exposed continued 
a normal respiration and hatched satisfactorily in contrast to irradiated embryos. 
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6. The effect of ultra-violet light on the respiratory mechanism .—Effects thus far pre¬ 
sented have been obtained with developing eggs. It seems possible that the inhibited 
respiration may have been produced through effects on growth and metabolism rather 
than on the respiratory mechanism itself. Diapause (inactive) eggs and developing ones 
whose activity was temporarily and reversibly inhibited by keeping them at 5° C. were 
thought to offer an excellent opportunity to determine whether the ultra-violet light 
affected the respiratory mechanism primarily or through effects on growth, tissue struc¬ 
ture, etc. The oxygen consumption of such eggs after irradiation is presented in Figure 
7. It should be noted that in both types of eggs there was no apparent effect on the 
respiration while they remained inactive. None of the irradiated eggs hatched. Those 
that were kept at 5° C. showed a slight response when returned to developmental tem¬ 
peratures, and then degenerated. Such behavior tends to indicate that the effect of the 
ultra-violet light on respiration is produced through some intermediate factor rather 



Fig. 7. —Effect of ultra-violet irradiation on the respiration of normally and experimentally blocked 
eggs. Four groups of eggs blocked cxpeiimentally by keeping at 5° C. are represented as follows: controls, 
irradiated 2 hours daily under glass; and three other groups, irradiated 1, 2, and 4 houis daily, respec¬ 
tively. These were 6-day postdiapause eggs. Three groups of normally blocked (diapause) eggs are 
shown: controls, irradiated 2 hours daily under gloss, and two experimental groups, irradiated 2 and 4 
hours daily, respectively. The groups are indicated in the key. 

than primarily on the respiratory mechanism itself. These results arc essentially in 
agreement with those of Boell, Ray, and Bodine (1937), indicating that effects of X- 
radiation on the respiration of M. differential is reported by Evans (1934) were perhaps 
produced in this indirect manner. 


DISCUSSION 

In view of the fact that the ultra-violet light does not penetrate the cuticle directly, 
it is to be assumed that any effects were produced by secondary radiations given off 
by the cuticle and that these radiations were of wave-lengths longer than those applied 
directly to the eggs, as is usually true when radiations are absorbed and given off. Pre¬ 
sumably, then, the effective radiations were from the region of the long ultra-violet. 
This region has been found to be particularly active physiologically (Duggar, 1936). 

Stimulated oxygen consumption was observed in several instances (Figs. 2, 3, and 4), 
but in each case it was accompanied by a reduced hatch. This is thought to demonstrate 
that the stimulation itself was due to some physiological disruption rather than simply 
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to an increase in rate of the normal metabolic functions, and hence is correlated with a 
detrimental effect, appearing as lowered hatching percentages. Heilbrunn (1928), in 
studying the effects of ultra-violet light on Avioeba, observed a ‘‘clotting” of the proto¬ 
plasm in connection with stimulation. Aside from those short exposures that produced 
an increased oxygen consumption, the inhibition of respiration and the decreased per¬ 
centage hatch is proportional to the length of the exposure up to exposures of 2 hours, 
at which point a maximum effect is produced. It is further to be noted (cf. Figs. 2 and 
3) that short, frequent irradiations are more effective than the same total exposure in a 
single irradiation. That the stimulation and inhibition occur simultaneously or are 
closely associated is indicated (Fig. 3) by the fact that increasing the irradiation as 
little as 45 seconds daily changes the results from the former to the latter. 

It is generally considered that embryonic tissues become less susceptible to the action 
of radiation with increasing age, but various irregularities have been observed. Hinrichs 
(1925) found that the eggs of FiinJidits heteroclitus were differentially susceptible to 
ultra-violet irradiation even in the first few minutes after fertilization, and that the 
regions of highest metabolic activity were most affected. Bachem and Dushkin (1935) 
report that the susceptibility of bacteria to ultra-violet irradiation is extremely de¬ 
pendent on their physiological condition. Similar results have been found with the 
grasshopper embryo in a study of its susceptibility at different ages (Fig. 5). Apparently 
there is a marked decrease in resistance to irradiation on the sixth day of postdiapause 
development. This period includes the completion of blastokinesis and the beginning 
of yolk engulfment, involving considerable activity on the part of the embryo. It has 
also been observed that the great majority of the embryos that are irradiated before 
this time and never hatch have ceased development at this point. It seems to be a period 
of extreme susceptibility. First-day eggs are only slightly more affected than 9-day 
ones. From the sixth day the resistance increases with age to a maximum about the 
fifteenth day. 

A notable retardation in hatching has been demonstrated as an effect of ultra-violet 
irradiation of grasshopper eggs (Tables 2 and 3). Extreme variation in individual sus¬ 
ceptibility is also indicated. It is a question of some interest why, if those eggs are going 
to hatch, some of them should hatch from 30 to 45 days later than the control groups. 
Similar effects, but to a lesser degree, have been noted by Nebel, Harvey, and Hollaender 
(1937), who found a marked inhibition in cleavage after irradiation of Arbacia eggs with 
the long ultra-violet. Unfertilized eggs could be activated to cleavage, which was also 
retarded. 

In view of the fact, demonstrated by Bodine and Boell (1936), that the marked in¬ 
crease in oxygen consumption immediately following diapause occurs primarily in the 
yolk cells and extra embryonic material and that the yolk components constitute about 
30 per cent of the total egg respiration at this time, the complete resistance of these 
components to ultra-violet irradiation (Fig. 6) is of considerable interest. Compara¬ 
tively heavy daily exposures of yolk to ultra-violet light for 10 days, including this 
period of increased activity, show no apparent effect. This resistance is even more inter¬ 
esting when the presence of tyrosinase is considered. Bodine and Boell (1935) have 
shown that comparatively large amounts of tyrosinase are present in the grasshopper 
eggs and that practically all of it is in the yolk and its components. Narayanamurti and 
Ayyar (1929) report the activation of tyrosinase by ultra-violet irradiation; and Hin- 
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richs (1925) believes that tyrosine acts as an optical sensitizer, rendering cells sus¬ 
ceptible to the toxic action of ultra-violet light. Keeping these considerations in mind, 
it seems remarkable that the yolk and its components show no effects of irradiation. 

SUMMARY AND CONCLUSIONS 

Neither the chorion nor the cuticle around the egg of the grasshopper, M. dijferen- 
tialisj are permeable to direct ultra-violet radiations. The cuticle seems to permit the 
passage of effective secondary irradiations. 

Short irradiations with ultra-violet light produced increased respiration and de¬ 
creased hatch. Longer irradiations inhibit both respiration and hatching in amounts 
proportional to the radiation. Below the maximum effect a given amount of ultra¬ 
violet radiation is more effective in short frequent exposures than in a single one. 

Variations in susceptibility to ultra-violet irradiation axe correlated with physio¬ 
logical activity rather than with the chronological age of the embryo. Periods of in¬ 
creased activity are most susceptible. 

An extreme variation in individual sensitivity and a marked retardation in hatching 
have been demonstrated. 

The action of ultra-violet light has been shown to be on the embryo rather than on 
the yolk or its components. 

Altered respiration is apparently produced through changes in growth and metab¬ 
olism and not by action of the radiation directly on the respiratory mechanism. 

LITERATURE CITED 

Bachem, A., and Duskhin, M. A. 1935. A study of bacterial sensitivity to ultraviolet radiation. Biol. 
Bull, 69:109-25. 

Black, W. A. 1936. Experimental modifications of the effect of ultraviolet on protoplasm. L Amtba 
proteus. Univ. Calif. Pub. Zodl., 41:75-100. 

Bodine, J.H. 1929. Factora influencing the rate of respiratory metabolism of a developing egg. (Orthop- 
tera). Physiol. ZottL, 2:459-82. 

-. 1932. Hibernation and diapause in certain Orthoptera. II. Response to temperature during 

hibernation and diapause. Ibid., 5:538-48. 

Bodine, J. H., and Boell, E. J. 1934. Respiratory mechanisms of normally developing and blocked 
embryonic cells (Orthoptera). Jour. Cell, and Comp. PhyBiol, 5:97-113. 

-. 1935. Enzymes in ontogenesis (Orthoptera). Ibid., 6:263-75. 

-. 1936. Respiration of embryo versus egg. Ibid., 8:357-65. 

Boell, E. J.; Ray, 0 . M.; and Bodine, J. H. 1937. Effect of X-rays on the oxygen, consumption of 
embryonic cells. Radiology, 29:533-40. 

Burge, W. E.; Fischer, W. R.; and Neill, A. J. 1916. The destruction of hormones, proenzymes and 
enzymes by ultraviolet radiation. Amer. Jour. Physiol., 40:426-32. 

Clark, J. H. 1922. The physiological action of light. Physiol. Rev. 2:277-309. 

Crowe, M. O’l. 1936. The ultraviolet absorption spectrum curve of phthiocol, a pigment of the human 
tubercle bacillus. Jour. Biol. Chem., 115:479-84. 

Duggar, B. M. 1936. Biological effects of radiation. New York: McGraw-Hill. 

Ellis, Carlton, and Wells, A A. 1925. The chemical action of ultraviolet rays. New York: Chem. 
Catalogue Co. 

Evans, T. C. 1934. Respiration and visible development of individual grasshopper eggs following 
X-irradiation. Physiol ZodL, 7:556-71. 

Harris, D. H. 1926. Observations on the velocity of the photo-oxidation of proteins and amino-adds. 
Biochem. Jour., 20:288-92. 

Hbilbrunn, L. V. 1928. The colloid chemistry of protoplasm. Berlin: Gebruder Bomtraeger. 

-. 1932. Action of ultraviolet light on amoeba protoplasm. Collecting Net, 7:57-59. 

[Physiological Zoology 



EFFECTS OF ULTRA-VIOLET LIGHT 


277 


Heilbrunn, L. V., and Daugherty, Kathryn. 1933. The action of ultraviolet rays on amoeba proto¬ 
plasm. Protoplasma, 18:596-619. 

Hjnrichs, Marie A. 1925. Modification of development on the basis of differential susceptibility to 
radiation. I. Fiindulns keteroditus and ultraviolet radiation. Jour. Morph, and Physiol., 41:239-63. 
Hollaender, A., and Duggar, B. M. 1926. Irradiation of plant viruses and of microorganisms with 
monochromatic light. HI. Resistance of the virus of typical tobacco mosaic and Escherichia coli to 
radiation from X 3000 to X 2250 A. Proc. Nat. Acad. Sd., 32:19-24. 

Laurens, Henry. 1928. The physiological effects of radiation. Physiol. Rev., 8:1-91. 

Lillie, R. S., and Baskervill, Margaret L. 1922. The action of ultraviolet rays on starfish eggs. 
Amer. Jour. Physiol., 61:57-71. 

Narayanamurti, D., and Ayyar, C. V. R. 1929. Studies in enzyme action. IV. Tyrosinase I. Jour. 
Indian Inst. Sci., ia: 109-29. 

Nebel, B. R.; Harvey, E. B.; and Hollaender, A. 1937. The cytology of Arbacia punctulata acti¬ 
vated by monochromatic ultraviolet radiation. Biol. Bull., 73:365-66. 

Surer, E. H. 1932a. Insect development. IH. Blastokinesis in the living grasshopper egg. Biol. 
Zentralbl., 52:223-29. 

-. 19326. Insect development. IV. External morphology of grasshopper embryos of known age and 

with known age and known temperature history. Jour. Morph., 53 :i-ai. 

Spiegel-Adolf, M., and Osbbia, Z. 1929. Physikalisch-chemische Untersuchungen an bestrahlten 
Proteinen. VI, Mitteilung weiter Studien zum spektroskopischen und biologischen Nachweis von 
lichtner Anderungcn an Proteinen. Biochem. Zeitschr., 208:32-44. 

Wyckoff, Ralph W. G. 1931. The killing of colon bacilli by ultraviolet light. Jour. Gen. PhysioL, 

13:35^1- 


Vol. XI, No. 3, July, 1938] 



THE RATE OF OXYGEN CONSUMPTION OF FROGS 
DURING EMBRYONIC DEVELOPMENT AND GROWTH 


(Six figures) 

MEYER ATLAS 

Department of Zoology, Columbia University 

T HE rate of oxygen consumption during development is an important factor in 
any analysis of the unknowns of metabolism responsible for development. 
For this reason many workers have attacked this problem on different species. 
Warburg (1908), with his work on the sea-urchin egg, was one of the first to achieve 
results that may be considered to approach quantitive accuracy. In 191s, with his 
well-known respirometer, he showed that during the development of the sea-urchin egg 
the respiratory rale (measured in cubic millimeters of oxygen consumed per hour) rose 
continuously up to gastrulation, which was as far as these observations went. 

Bataillon (1896) might be considered the pioneer in this field on amphibian develop¬ 
ment. He measured carbon dioxide given off rather than oxygen consumed. Bataillon’s 
data indicated the presence of peaks and troughs in the rate of respiration at various 
stages of development. Godlewski (1900) was the first actually to determine the rate 
of oxygen consumption of amphibian eggs. His data indicated a continuous increase 
in the rate. These earlier workers were handicapped by the lack of sufficiently accurate 
methods. Thus, Godlewski could only measure the rate of increase per day. The im¬ 
portant matter from a physicochemical analysis of development is the instantaneous 
rate of oxygen consumption. An approach to the determination of this was made by 
Bialaszewicz and Bledowski (1915), who used the Winterstein microrespirometer on 
eggs of Rana temporaria (fusca). With this apparatus the oxygen uptake can be de¬ 
termined for intervals as low as 15 minutes. By repeated observations an analysis of 
the instantaneous rate may be made. They concluded that there is a gradual rise in 
rate of oxygen consumption from fertilization until 150 hours later (when the external 
gills had reached their greatest development, and when a plateau had been reached in 
the curve relating rate of oxygen intake to time). Their data suffered, however, from 
observations which were too widely spaced. In 1921 Pamas and Krasinska attacked 
the problem anew by means of the Barcroft-Warburg respirometer. Their material in¬ 
cluded R. temporaria-{fusca), R. esculenta, and Bufo vulgaris. Instead of a grad ual in¬ 
crease in rate, these workers found that the rate of oxygen consumption increased 
abruptly at the onset of three critical stages: gastrulation, neurulation, and appearance 
of external gills. Between the beginning of these stages the rate seemed to remain 
constant. Owing to the temperature (15 0 C.) at which these investigators worked, and 
also to the small quantity of eggs used, they determined the total oxygen consumed over 
a lengthy period, and calculated the rate indirectly. 

Such was the conflicting status of the question when the work on which this paper is 
based was begun in 1934. At the time, no data were present for American amphibians. 
It was considered important to reinvestigate this problem as a part of a general attack 
on the various factors in the rate of development, especially as affected by temperature. 
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Since the beginning of the work, several additional papers have appeared which are 
relevant to the subject: Bracbet (1934) on R. fusca, Wills (1936) on R. pipiens, and 
Stefanelli (1937) on R. fusca. None of these is directly concerned with the question of 
change of instantaneous rate with time at constant temperature. The observations of 
the first two are too widely spaced to determine the answer to the question of the exist¬ 
ence of critical periods. The last paper only considers fluctuations in rate during early 
cleavage. 

It is hoped that the data presented by this paper will aid in the elucidation of this 
problem. At the same time, an attempt has been made to relate the changes in rate of 
oxygen consumption to other variables during development, including length and weight. 
Studies on the growth of the amphibian embryo have been made since Davenport 
(1897) and Schaper (1902). Until now, however, no attempt has been made to relate 
embryonic growth and rate of respiration. Although no causative interrelation need be 
assumed, still it is important to know how these phenomena vary simultaneously. 
Such data should be helpful in answering the question whether the increase in the 
respiratory rate is due to an increase in the intensity of respiration of the separate cells 
or whether it is due to an increase in the number of cells. 

MATERIAL AND METHODS 

The eggs of R. pipiens were obtained after injection of anterior pituitary gland by 
the method described by Rugh (1937). They were fertilized artificially and kept in 
finger bowls until used in the experiments. In the earlier experiments the material used 
was timed according to stage from the data given by Atlas (1935). In the later experi¬ 
ments each batch of eggs was kept in an incubator at 20° C. ± o? 5. Care was taken to 
avoid crowding, and the average density was not greater than 50 eggs for 200 c.c. of 
water (pre-gastrula stages) and 25 eggs for 200 cc. (filter stages). 

In the earlier experiments Great Bear spring water was used as the medium for the 
eggs and embryos. In later experiments an artificial pond water was made by diluting 
Ringer’s solution with nine volumes of water. Results with this one-tenth Ringer’s 
solution did not give any appreciable differences from that with the natural spring water. 

Two types of apparatus were employed in obtaining the measurements of oxygen 
consumption. In the earlier experiments the Barcroft-Warburg manometric respirom¬ 
eter was employed. A recent outline of the theory of this apparatus is available in 
Dixon (1934). Two sizes of vessels were employed: a small one (volume, 8-10 cc.), 
which produced a change of 1 mm. in the height of Brodie’s fluid for every 0.65-0.75 
cu. mm. of gas consumed; and a larger one (volume, 24.5-27.0 cc.), which produced a 
change of 1 mm. in the height of fluid of the manometer for every 1.97-2.1 cu. mm. of 
gas consumed. A large number of observations was obtained with the Fenn-Winter- 
stein volumetric respirometer, as described by Fenn (1927). The blank vessels of this 
apparatus were approximately 15 cc. in volume. Each millimeter excursion of kerosene 
drop corresponded to an uptake of approximately 0.4 cu. mm. of oxygen. 

The number of eggs used in each flask varied for different stages studied. For stages 
up to gastrulation, 50 eggs were employed. In later stages fewer embryos were needed, 
and at the time of operculum formation 5 tadpoles were sufficient. It was difficult to 
remove the embryos from the surrounding membranes before the closure of the neural 
folds. It was found expedient, before this stage, to remove as much of the jelly as was 
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possible, by placing the eggs on a wet towel or on filter paper and cutting into the inner¬ 
most layer of jelly with scissors. This leaves a small amount of jelly adhering to the 
vitelline membrane which, however, does not appear to affect the oxygen uptake. 

Attempts were made to remove the jelly by means of 0.7 per cent KCN. This method 
was first described by Bataillon (1912) and was used with success on R.fusca by Brachet 
(1934). If R. pipiens eggs are placed in this solution at the optimum period (which is 
about 30 minutes after fertilization), much of the jelly is dissolved within 45 minutes; 
but only perhaps 10 per cent of the eggs will continue to develop normally in favorable 
batches, even after prolonged washing (up to 2 hours). Such normally developing eggs, 
however, do not differ in their oxygen consumption from those which retain small 
amounts of jelly which have not been exposed to KCN. This confirms Brachet (1934). 
The difference in behavior to KCN is probably a species difference. 

The procedure finally adopted in preparing the experiment was the following: Jelly 
was removed when present. Observations were then made regarding stage and size. 
The latter was determined, for the early stages (up to 5 mm.), as the greatest diameter 
or length, by means of an ocular micrometer in a compound microscope. For lengths 
greater than 5 mm. a millimeter ruler was used under a dissecting binocular. The eggs 
or embryos were then placed in a 10 cc. graduated cylinder, in which they were washed 
with several volumes of one-tenth Ringer’s solution. All excess water was then drawn 
off, and 2 cc. of clean one-tenth Ringer’s solution were added. The volume of eggs plus 
water was thus determined. Two-tenths of a cubic centimeter of 5 per cent KOH was 
now added to the side arm of the Warburg or Fenn flask. The eggs and water were then 
pipetted into the main chamber of the flask. This was now connected with the tap of 
the manometer or volumeter and placed in the constant-temperature bath. The 
apparatus was shaken with stopcocks open to the air for 15 minutes, to attain tempera¬ 
ture equilibrium. The stopcocks were then closed and the shaking continued. The rate 
of shaking in most experiments was eighty-five complete oscillations per minute. Until 
closure of the neural folds the rate of shaking may be decreased to sixty per minute 
without affecting the rate of uptake. The amplitude of shaking in the Warburg manom¬ 
eter experiments was approximately 9.5 cm.; in the Fenn apparatus it was about 5 cm. 
The temperature of the water bath was kept constant at i9?8 C. ± o.oi°. One series 
of experiments was carried out at i4?8 ± 0.02°. 

In several series of eggs, along with the rate of oxygen consumption, the wet and dry 
weights were determined either of the eggs used in the experiment or of eggs from the 
Bame batch and at the same stage of development. Wet weight was determined by 
weighing the eggs or larvae (minus their membranes) on a watch glass or slide, after as 
much water as possible has been absorbed from the vicinity of the egg by means of 
filter paper. Great care must be taken to prevent additional loss of water by evapora¬ 
tion. The eggs were then placed in an oven at no°-X2o° C. and left overnight. The dry 
weight was then determined. 


RESULTS 

Eggs which were removed from the uterus and placed in the respirometers within 
40 minutes after fertilization began to consume oxygen immediately. There was no sign 
of the positive pressure reported by Bialaszewicz and Bledowski, which was attributed 
by these authors to the evolution of an oxygen-nitrogen gas mixture, resulting from the 
difference between the pressure of these gases in the body and in the atmosphere. 
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No detailed comparison of the respiration of unfertilized and fertilized eggs was 
made, since this question has been fully investigated by previous workers, who are all 
agreed on the occurrence of a slight increase in rate after fertilization. As the result of 
experiments on batches of eggs from three different females, it was found that the 
average oxygen consumption of 100 unfertilized eggs per hour was 5.86 cu. mm., while 
that of fertilized eggs from the same females was 5.98 cu. mm. 


TABLE 1 


Rate of oxygen consumption starting 2.5 hours 

AFTER FERTILIZATION 


Time of Observation 


4 : 30 - 5 : 3 ° 

4 : 45 “ 5:45 

5:00-6:00 

5 : 15 - 6:15 

5:30-6:30 


Calc. Rate 
for x Hr. 
per 100 Eggs 
(Cu. Mm.) 

Time of Observation 

Calc. Rate 
for 1 Hr. 
per 100 Eggs 
(Cu. Mm.) 

4.98 

6:00-7:00. 

5.22 

5-38 

7:00-8:00. 

6.12 

S 44 

8:00-9:00 . 

5.74 

5.46 

8:30-9:30. 

5.82 

5.9a 




During cleavage the rate of respiration tends to rise, as can be seen from Table 1 
and as has been indicated previously by Brachet (1934). This table shows the observed 
rates of oxygen consumption, with the Fenn volumeter, per 100 eggs for one batch on 
which observations started at the beginning of first cleavage. Whether there are fluc¬ 
tuations corresponding to the cleavage rhythm, which have been reported by Brachet 
(1934) and Stefanelli (1937), could not be determined in the present instance, since the 


TABLE 2 

Rate of oxygen consumption during castration 


Time of Observation 

Calc. Rate 
for 1 Hr. 
per 100 Eggs 
(Cu. Mm.) 

Time of Observation 

Calc. Rate 
for 1 Hr. 
per xoo Eggs 
(Cu. Mm.) 

3:00-4:00. 

3:17-4:17. 

3:30-4:30 ....... 

3:45-4:45 (beginning 
of gastration). 

m 

4:02-5:02. 

4:17-5=17 . 

4 : 3 »- 5 : 3 *. 

12.02 

12.10 

12:42 


apparatus was not sufficiently sensitive to note such fluctuations. The fluctuations 
which are seen to occur in Table 1 were noted in later stages and are assumed to be 
due to experimental errors. Despite the fluctuations the rate of respiration continues to 
rise, until, before gastrulation, it is double the rate during early cleavage. In Table 2 
are shown the observations on the same eggs, started before the beginning of gastru¬ 
lation and continued until some time after gastrulation had begun. It will be seen from 
these data that there is no prolonged period over which the rate of oxygen consumption 
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remains constant, as Parnas and Krasinska (1921) concluded. Nor does the rate jump 
abruptly at the beginning of gastrulation, but tends to mount steadily. 



Fig. 1.—Rate of oxygen consumption per 100 eggs per hour during development. The abscissas 
represent hours after fertilization. The broken curve is for the equation y « 0.00925**. The full curve 
from o to 47 hours is for the equation y p» 5.31c 0 *38*. The full curve after 47 hours has the equation 

y as 3 i*OOl 9 (<- 47 ). 

A detailed study of the combined data indicates a similar conclusion for the later 
stages. In Figure 1 are presented the results obtained with the Fenn volumeter. The 
abscissas indicate hours of development; and the ordinates, rate of oxygen consumption 
for 100 eggs per hour. Similar symbols are for eggs from the same female. The numerals 
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near the points refer to the following stages of development: (1) first cleavage; (2) be¬ 
ginning of gastrulation; (3) slit blastopore to neural plate; (4) neural folds fusing; 
(5) hatching (about 4.5 mm. length); (6) heart beat visible (about 5 mm.); and (7) 
giH branches forming, circulation visible (about 6 mm.). The data obtained with the 
Warburg apparatus show similar trend but are, on the whole, more variable, and have 
been omitted in order to prevent confusion. Drawn through the data are two curves. 
The broken single curve is for the relation y — a = kt 2 , which was found by Bialaszewicz 
and Bledowski (1915) to approximate their data (y = rate of oxygen consumption; 
a = rate of unfertilized eggs; k — constant determined by the data; and t = time). 
This curve also approximates the present data but is not satisfactory, particularly in 
the region from 40 to 55 hours, when most of the observed data are above the curve, and 
in the region from 95 to 120 hours, when most of the observed data are beneath the 
curve. 

The full curve consists of two components. This curve (up to 47 hours) is drawn in an 
attempt to fit the data with the exponential equation y = Ae*', in which y = rate of 
oxygen consumption of 100 eggs per hour; A = rate of oxygen consumption at fertiliza¬ 
tion (a theoretical value obtained in fitting this equation, but approximately equal to 
the observed value); k = a constant determined by the data; and t = the time in hours 
after fertilization. To fit the data after 47 hours, the constants must be changed. The 
values of these constants is indicated in the legends. If this equation represents the 
correct relations between rate of respiration and time, there must be a slight discon¬ 
tinuity in the orderly increase of rate after the onset of neural-fold formation (after 47 
hours). A more marked break was suggested by the data obtained with the Warburg 
apparatus and an attempt to check this was the original stimulus for the work with the 
Fenn apparatus. 

One difference between the work of Pamas and Krasinska and that of others is the 
fact that the former workers made their observations at a lower temperature: they 
worked at 15 0 C. For this reason one series of data was collected as follows: The oxygen 
uptake was noted at a temperature of 14? 8 for 1-2 hours. The stopcocks of the manom¬ 
eters were then opened, and the temperature of the bath was changed to 19?8. The 
manometer vessels were equilibrated for 1 hour at this temperature, and the stopcocks 
were then closed. Oxygen consumption was then determined at this second temperature 
on the same eggs. In this way it was possible to study the effect of temperature on the 
same material at approximately the same stage of development. 

In Figure 2 the results of this parallel run are given. The curves for the 20° series are 
for the same exponential equations as those in Figure 1. The curves for the 15 0 series 
merely follow the data. No equation was determined for them. The dotted curve is one 
derived from the 15° data and represents the probable rate of increase of respiration 
of a batch which would develop at 15 0 throughout. Although the data are not sufficient 
to exclude the possibility of abrupt changes at critical stages, still their general course 
indicates the likelihood of a gradual increase in rate at this temperature also. These 
data further tend to corroborate the possibility of a slight discontinuity in the neighbor¬ 
hood of 50 hours. The temperature coefficient (Q s ) is approximately 1.8 for each stage. 
There is, however, insufficient data to determine whether there are any significant 
changes during development. A value for the Q s for development over this period can be 
obtained by interpolation in Figure $ of the paper of Atlas (193 5). This indicates a value 
of 1.88 for the Q s of development. Within the limits of experimental error these are 
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sufficiently close to indicate that the temperature coefficients of these simultaneous 
events are close together, if not identical. Although the temperature coefficients are 
higher than those of Tyler (1936) for various invertebrate eggs, they agree with his 
results in that the coefficients are practically identical for rate of development and for 
rate of oxygen consumption. 

It was also considered desirable to obtain data from R. sylvatica. The eggs of this 
species are laid earlier, and generally at a lower temperature than those of R. pipiens . 


In this regard and in their heat tolerance 
they resemble R. fusca (both develop nor¬ 
mally between 2 0 and 22?5, whereas R. 
pipiens has a normal development range 
between 6° and 30°). Experiments were car¬ 
ried out on the eggs of R. sylvatica , which 
were collected in ponds near New York in 



Flo. 2 



Flo. 3.—Rate of oxygen consumption per 100 eggs per hour during development at 20° and rs° C. 
The broken curve is a calculated curve showing the rates of oxygen consumption related to time taken 
to develop at 15° C. 

Fig. 3.— Rate of oxygen consumption per 100 eggs per hour during development of three species of 
frogs. The black circles are for R. sylvatica . The symbol B is for data from R. temper aria (fusca), from 
Bialaszewicz and Bledowski (1915). The lower curves are for R. pipiens from Fig. 1. The upper curves 
are y - 7 . 5 e°-° 3 tt up to 53.3 hours and y - 5630*010(1-53.3} after 53.3 hours. 


March and April, 1937. The details of the experiments were identical with those given 
for R. pipiens; and the general conclusions are similar, in that no indications of abrupt 
changes appear. The data are plotted in Figure 3, in which are included the points 
( B ) which represent the data for R. fusca (Bialaszewicz and Bledowski, 1915, Fig. 4, 
p. 462) and the curve for R. pipiens (this paper, Fig. 1) for comparative purposes. The 
R. sylvatica data approximate those for R. fusca. The rate for each of these species is 
higher than that observed for R. pipiens at identical hours after fertilization. The 
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dotted curves are fit to the equation y = Ae* 1 , in which the terms have the same mean¬ 
ing as above (Fig. 1); and again there is an indication of a slight discontinuity in the 
neighborhood of 50 hours. 

Data on the growth of these embryos are presented in Figure 4. The abscissas repre¬ 
sent hours of development. The upper ordinates represent millimeters (longest di¬ 
ameter up to 50 hours, length after 50 hours); the lower ordinates represent milligrams 
wet weight. It will be seen that the length dimension increases slowly, and approxi- 



Fig. 4. —Growth, of embryos and larvae during development. Similar symbols indicate data from the 
same batch of eggs. 5 represents data for R. sylvatica; W represents data for R. sylvatica. from Williams 
(1900), obtained in the present form by interpolating from Fig. 6 of this paper into the upper curve of 
thift figure. All other points are for R. pi pitas. MM. =* length in m i llime ters; MG. =* milligrams wet 
weight. 

matdy linearly from 1.5 mm. at zero hours of development to 1.8 mm. at 50 hours 
(which is at the middle of the neural folds stage). Starting with this stage, the rate of 
increase of length becomes rapid; but at about 120 hours (when gill circulation has 
recently begun) the rate of growth of length decreases. The R . sylvatica data (indicated 
by the letter S) follow the same general course except that they are slightly in advance 
at each time-interval. The curve is for the smoothed data of R* pipi&ns . 

In the lower curve of Figure 4 is represented the change in wet weight during develop¬ 
ment. The wet-weight data indicate that there is only a slight uptake of water before 50 
hours, with a more rapid increase thereafter. Represented are the observed points from 
two batches of eggs. The curve drawn represents the average values obtained from 
many other batches of eggs. Also included are original observations ( 5 ) made for R . 
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sylvatica and the data (W) of Williams (1900); also for R. sylvatica (obtained by inter¬ 
polation from Fig. 6, this paper). The data of Williams are of interest since they indi¬ 
cate that, although the initial wet weight is higher for R. sylvatica than for R. pipiens , 
the relation is reversed later, apparently because of the more rapid intake of water by 
the latter species. If we compare the two curves of this figure, it becomes apparent 
that increase in length precedes increase in wet weight and follows an entirely different 
course. 

discussion 

Earlier work on the development of various eggs has indicated a rise in the rate of 
oxygen consumption in most cases. Although there are many gaps in previous data, the 
evidence in general tends to indicate that there is a gradual increase in rate of respira¬ 
tion during development, without any abrupt changes. This is demonstrated by data 
for echinoderms by Warburg (1915), Meyerhof (1911), Rapkine (1927), and Ephrussi 
(1933); for the bryozoan Aplysia by Buglia (1908) and Meyerhof (1911); for insects by 
Fink (1925); for the chick by Bohr and Hasselbach (1900) and Murray (1925); for 
gastropods by Baldwin (1935); for annelid eggs by Whitaker (1933). 

The earlier work on amphibian eggs also supported a continuous increase (God- 
lewski, 1900; Bialaszewicz and Bledowski, 1915). However, the work of Pamas and 
Krasinska (1921) tended to indicate periods during which the respiration remains con¬ 
stant, followed by abrupt changes in rate. Pamas and Krasinska concluded that the 
rate rose abruptly at the beginning of gastrulation, neurulation, and external gill 
growth, with no noticeable changes in between. Hyman (1921) has presented data for 
Fundulus which indicate a decline in rate after gastrulation. 

In the present paper an attempt has been made to reinvestigate this question for 
amphibian eggs. As can be seen from the data in Tables 1 and 2 and Figures 1, 2, and 3, 
there is no indication of abrupt changes. The evidence seems to indicate a gradual rise. 
An examination of the data of Pamas and Krasinska leads to some dues as to the devia¬ 
tion of their views from those of this paper. Probably the greatest factor, indicated by 
their data, which contributes to their condusions arises from the measurement of total 
oxygen uptake from the beginning of the experiment (which lasted over 4 days in some 
cases). As a result their data concerning rate of oxygen consumption are obtained indi¬ 
rectly from the total oxygen consumed. Such a procedure might be countenanced if the 
observations were suffidently dose to permit the drawing of an accurate curve. But 
there are large gaps in the data in many cases. This, together with the fact that the 
temperature at which the experiment was conducted showed fluctuations as much as 2 0 
in some cases, might account for the particular condusions that these workers reached. 

The gradual increase in the rate of respiration is in harmony with observations of 
embryologists which indicate a continuous increase in cell numbers during the period of 
development that has been studied in this paper. The increase in rate of respiration of 
the embryo, taken as a unit, reflects the growth of cell population according to the view 
of the present author. The question arises whether there is any simple relation which 
can describe the changing rate of respiration. As indicated in Figure 1, the data which 
have been obtained can be described by the equation y = 5.314 0,038 * from o to 47 hours of 
devdopment, in which the terms have the meaning defined above. The chief value of 
the use of this equation is that it offers the working hypothesis that during early de¬ 
velopment the respiratory mechanism is being built up at a uniform rate, and that the 
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quantity of respiratory material present at any instant is greater by a constant per¬ 
centage than the amount present during the immediately preceding instant. 

After 47 hours there is a change in the value of the constants of the foregoing equa¬ 
tion, as indicated in Figure 1. This change may be correlated with other changes which 
are occurring in the embryo at this stage, which corresponds to the onset of neural-fold 
formation. One of these changes is the increase in length which begins to occur about 
this time, as shown in Figure 4. The relation between rate of respiration and length is 
brought out in Figure 5. Here, on the lower abscissa, is plotted length in millimeters; 
and on the ordinate scale, rate of respiration. Length refers to total body length from 
tip of head to tip of tail; however, before the body axis is formed, length refers to the 
diameter of the egg. The plot shows that the rate of respiration increases rapidly, rela¬ 
tive to length during early development. However, when length begins to increase more 
rapidly (at about 50 hours, or 2.1 mm. in Fig. 4) the rate of respiration follows the in¬ 
crease of length in accordance with the equation y = 40c 0 a8(i-a T K Here y = rate of 
respiration of 100 eggs per hour, e = the base of natural logarithms, L = length in milli¬ 
meters. The fit of this equation permits the hypothesis that after neural-fold formation 
the increase in rate of respiration becomes a constant percentage of the increase in 
length. Since the increase in length of these embryos is due largely to growth of the tail 
(Atlas, 1935, p. 304) and since the growth of the tail is due largely to an increase in cell 
number by cell division, the implication is that there is a constant percentage increase 
in cell number when the length of the embryo increases, and a resultant constant per¬ 
centage increment in rate of respiration. According to this interpretation, the growth of 
the respiratory function is probably due mainly to an increase in total number of cells 
rather than to an increase in intensity of respiration of individual cells. 

During the early growth of the frog larvae, one of the outstanding changes is the 
increase in water content, as shown in Figure 4. It is interesting to note how the rate of 
respiration behaves with respect to this variable. Therefore, in Figure 5 there is also 
plotted the rate of respiration with increase in wet weight (expressed in milligrams on the 
upper abscissa). It will be seen that the rate of respiration increases more rapidly rela¬ 
tive to wet weight at first, that then the rate of increase slows up, and that during later 
stages the rate of respiration tends to approach an asymptote. This would tend to indi¬ 
cate that the rate of respiration is not increasing proportionately to increase of the 
volume of the embryo and that much of the water which is entering is not made part of 
the respiratory mechanism. 1 It muBt not be inferred from this, however, that the water 
is actually impeding the increase in the amount of respiratory mechanism. This follows 
from a comparison of Figures 5 and 6. In Figure 6 is plotted the relation between wet 
weight and length for R. pipiens, R. sylvatica, and R. fusca. The letters indicate the 
authorities from which the data were derived. It will be observed that, after 5 mm., the 
larvae of R. pipiens have more water, at equal lengths, than do those of R. sylvatica. 
In Figure 5 is plotted the rate of respiration of larvae of R. sylvatica at different lengths. 
Although the equation is slightly different for R. sylvatica than for R. pipiens, we can ob¬ 
serve that for equal lengths of larvae the rate of respiration is approximately equal for 
the two species (within the limits of experimental error). In other words, despite the 

1 In Figure 6 it is shown that the change due to dry weight is negligible and may be omitted from 
this discussion The change in wet weight is therefore a measure of the increase in water content. 
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greater amount of water for equal lengths which the larvae of R. pipiens have, they re¬ 
spire at the same rate as those of R. sylvatica. 



Fig. 5.—Relation between rate of oxygen consumption per egg per hour and length and wet weight. 
The symbol S and broken curve are for R. sylvatica. The R. pipiens rate-length curve is for the equation 
y = The R. sylvatica curve is for y = 5oeo.aa(Z.-a.i), 


Another matter of interest in connection with figure 6 is that the points of R. sylvatica 
and R. fusca fall on approximately the same curve. This may be of significance in con¬ 
nection with the data presented in Figure 3 in which one can see that the rates of respira¬ 
tion at equal times after fertilization also correspond for these species. The two sets of 
data, however, cannot be further analyzed, since there are no observations at hand 
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which indicate the rate of length increase of R. fusca at a temperature of 20° C. For 
this reason a study of respiration at different lengths is not possible for R. fusca. 

Also plotted in Figure 6 are the changes in dry weight which have been observed for 
R. pipiens (x) and for R. sylvatica (w) (data of Williams). The lines drawn connect ob¬ 
servations made on eggs of R. pipiens taken from the same females. The two outer 
lines represent the maximum and minimum weights observed, while the middle line is 
from an intermediate batch of eggs. As has been noted by previous authors, the dry 



Fig. 6. —Relation of wet and dry weight to length in millimeters. Upper curve for wet weight; lower 
curve for dry weight. A, data for R, pipiens this paper; B , data for R. iemporaria (Bialaszewicz, 1908); 
5 , data for R. fusca (Schaper, 1902); W , data for R. sylvatica (Williams, 1900). 

weight of the frog’s egg diminishes during development (in the present case from a mean 
of 1.3 mg. at the beginning of development to one of 1.1 mg. when the external gills are 
covered or a difference of 0.2 mg.). It will be seen that the total loss throughout de¬ 
velopment is not appreciably larger for the eggs with more initial dry matter than for 
those with less. The total amount lost seems to be proportional to the length rather than 
to the initial dry weight. 

By graphical integration of the full curves of Figure 1 the total amount of oxygen 
consumed during the first 200 hours of development at 20° C. can be calculated. This 
is approximately 250 cu. mm. for each embryo. The amount of oxygen necessary to 
oxidize 0.2 mg. of the dry weight of the embryo would be 149,191, or 400 cu. mm., if 
glucose, protein, or fat, respectively, were the primary material being oxidized (Hawk 
and Bergeim, 1937). From these figures it is likely that a certain amount of fat is oxi- 
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dized during the period studied. However, since the respiratory quotient is approxi¬ 
mately i from gastrulation to hatching (Brachet, 1934), very little fat is burned during 
this period. The greater amount of fat must therefore be oxidized between hatching and 
the covering of the external gills. This is an indirect confirmation of the work of Bialasze- 
wicz and Mincovna (1921) on R.fusca, who found that the disappearance of fat does not 
begin until after hatching of the frog larvae. This also implies that the respiratory 
quotient probably falls after hatching. 


SUMMARY 

1. The rate of oxygen consumption increases gradually, without sudden jumps, 
during the development of R. pipiefis and R. sylvatica from fertilization to overgrowth 
of the operculum (Figs. 1 and 3). 

2. The relation between the rate of oxygen consumption per hour per embryo and 
time may be expressed by the exponential equation y = providing a change of 
constants is introduced for data after the neural-fold stage. 

3. After the neural-fold stage the relation between rate of oxygen consumption (y) 
and length (/) of embryo may be expressed by the equation y = Ae KL (Fig. 3). 

4. The temperature coefficient (Q s ) is approximately the same (1.8) for rate of 
development and rate of oxygen consumption during development of JR. pipiens at 
15° C. and 20 0 C. (Fig. 2). 

5. Increase in length of embryo precedes the rapid increase in water intake (Fig. 4). 

6. At equal lengths JR. pipiens and JR. sylvatica respire at the same rate (Fig. 3) even 
though the R. pipiens larvae have more water. 

7. The increase in rate of respiration per embryo is a function of the cell number 
rather than of the intensity of respiration of individual cells. 

8. The total oxygen consumed during the first 200 hours of development of R. pipiens 
at 20 0 C. is approximately 250 cu. mm. The total decrease in dry weight is approxi¬ 
mately 0.2 mg. From this it is deduced that there is probably a combustion of fat 
after hatching. 

The author wishes to acknowledge his indebtedness to the department of zoology of 
Columbia University for facilities to carry on this work, and to Professor L. G. Barth, 
who helped in its progress. Some of the observations were made with the aid of Mr. N. 
Stevens. 
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LIGHT INTENSITY AND MELANOPHORE RESPONSE 
IN A CYPRINID FISH 1 


BAGNAB. NATHANAEL DANIELSON 
University of Minnesota 

T HE pigmentary responses of fishes which show adjustment to background are 
known to be in accordance with the degree of contrast between the background 
and the rest of the environment under all ordinary circumstances. The intensity 
of illumination appears to be relatively unimportant in these responses. Such men as 
Sumner (1911), Mast (1914), Murisier (1921), Roller (1934), and others have concluded, 
in general, that the shade assumed by normal fishes is almost independent of the inten¬ 
sity of the light to which they are exposed. While Duspiva (1931) found marked dif¬ 
ferences in the shade of embryonic and early larval individuals of certain species, these 
fishes showed no dear response to background, and thus formed no exception to the 
general rule. 

The question naturally arises whether or not the rate of color change differs at different 
intensities of illumination, even though the amount of change may be approximately 
constant. When the experiments to be described were undertaken, however, no accounts 
of quantitative work dealing with this point could be found in the literature. It seemed 
desirable, therefore, to attempt to determine the time required for melanophore change 
at each of several different light intensities. 

The river chub, Nocomis biguttatus Kirtland, was chosen as the experimental animal, 
chiefly because of its convenient size and striking melanophore change. The individuals 
used, all of which were obtained from a Minneapolis bait-dealer, ranged in length from 
about 11 to 15 cm. When kept for any considerable period, they were occasionally fed 
chopped liver, earthworms, or very small minnows. 

All trials were made in a cylinder consisting of a wooden frame, 40 cm. in diameter, 
covered with heavy, light-proof, black paper. The top of this cylinder was covered by 
one or more sheets of opal glass; and when still greater reduction of light intensity was 
necessary, sheets of pure white bond paper were inserted between the glass plates. The 
source of light was a Mazda lamp supported directly above the center of the cylinder by 
a crossarm attached to an upright pipe standard having a height of about 1} meters 
above the cylinder. The crossarm could be clamped at any desired distance above the 
cylinder, up to the end of the pipe. In this way, exact adjustments of the light intensity 
within the cylinder were posable by varying the number of sheets of opal glass and paper 
and the distance of the lamp above them. Two clear Mazda lamps were used—1,500 
watts for the highest intensity, 300 watts for all others. 

The fish to be tested were placed in a white enamel or dead-black glass dish about 20 
cm. in diameter and 8 cm. deep, containing 4 cm. of water. This depth of water was 
about the minimum in which the fish would remain reasonably quiet under the experi- 

1 1 am indebted to Dr. D. E. Mirniitfi, chairman of the department of zoblogy of the University of 
Minnesota, for his aid in securing materials and facilities for this investigation, as well as for criticisms 
both of the experimental work and the interpretation of its results.- 
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mental conditions. The surface of the water was 25 cm. from the lower side of the 
diffusing opal glass. Openings made in the side of the cylinder were covered with several 
layers of black cloth in such a way that both hands could be introduced to manipulate 
the dishes containing the fish without admitting additional light. 

The intensities used were 100, 10, 1, 0.1, and 0.01 foot-candles as determined by the 
use of a Weston photronic illuminometer at a position corresponding to the surface of the 
water. 3 The actual intensity reaching the fish in the water was, of course, somewhat less. 
Water temperatures were kept as constant as possible, but varied between 14 0 and 19 0 C. 
during most of the work. Part of the time a room was available in which the temperature 
varied only between 15 0 and 18 0 , and the fish were then kept in this room at all times. 

The relatively crude method of direct observation of individual fish was used. The 
time was taken from the moment when the fish were placed upon the background—black 
or white, as the case might be—until it was judged that change was complete. Obviously, 
this method offers too great possibilities of error for very exact results; but because of the 
scarcity of material and for various other reasons, it seemed to be the only feasible 
method. 

No standard of comparison could be devised which proved any more satisfactory than 
the subjective judgment of the individual fish. It was found with practice, however, that 
results could be obtained with a given individual under a given set of conditions which 
agreed surprisingly well. It is probable, to be sure, that the absolute end-point was fre¬ 
quently not obtained; but the remaining change which might have taken place in any 
particular fish was, at least, nearly negligible as far as general appearance was con¬ 
cerned. The results, therefore, appear accurate enough for comparative purposes. 

Observations were made by quickly removing the filters covering the top of the 
cylinder, and at the same time changing a double-throw switch, which cut off the original 
light and substituted the light from another 300-watt lamp at a fixed distance. Thus, 
observations were always made at the same illumination. Because of the very rapid 
color change of this minnow, the condition of the fish then had to be judged within a few 
seconds as either completely or incompletely changed. Later tests were then made for a 
shorter or longer time, depending on whether change was complete or not, until the time 
limits within which the particular fish would and would not undergo complete change 
had been determined. 

It was found necessary to put each fish through a period of preliminary “practice” 
lasting for a week or two before using it for the tests. As noted by Pouchet (1876) and 
many later investigators, the time required by fishes for color change can often be con¬ 
siderably reduced by such practice, and it was found that Nocomis in this respect formed 
no exception to the rule. Unless the fish were first put through this practice period, the 
time required for color change would continue to decrease for a considerable time. The 
practice period also served several other purposes. It allowed the experimenter to be¬ 
come familiar with the appearance of the individuals, and thus promoted more ac¬ 
curate judgment as to the completion of melanophore change. It made the fish much 
more tame and easy to handle in critical situations. Finally, it made the appearance of 

a The lowest intensity used may not have been of the exact value given, since it was near the limit of 
sensitivity of the measuring instrument used, and reading it required estimation of half a scale division. 
Numerous checks in which the number of filtering sheets and the lamp distance were varied without 
reference to previous settings seemed to indicate, however, that, whatever its absolute value, this in¬ 
tensity was at least as constant as any of tbe others. 
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the fish more constant, for all fish lost more or less pigment under laboratory conditions, 
and most of this loss occurred during the preliminary period. One of the unavoidable 
results of the necessity of keeping the fish for such a long time, however, was that all 
experiments were performed with individuals which were relatively pale and poor in 
pigment. 

In the first series of experiments the fish were first placed for r hour on a white back¬ 
ground under an illumination of io foot-candles and then transferred to black back¬ 
ground at the test intensity. Observations were then made, as already described. The 
results obtained with n individuals are shown in the columns headed “A” in Table i. 
The figures represent the limits of time in minutes within which change was judged to 
have been completed. From three to eight or ten readings were made to establish each 
limi t, depending on the difficulties of judgment in the individual case. 

TABLE 1 

Time (in minutes) required for change from light to dark condition 


A-after adaptation for i hour on white background at illumination of io foot-candles; B—after 
adaptation for i hour on white background at same illumination as test. 


Fiih No. 

A 

100 Ft.-C, 

A 

10 Ft.-C. 

A 

1 Ft.-C. 

A 

0.1 Ft.-C. 

B 

o.x Ft.-C. 

A 

o.ox Ft -C. 

B 

0.01 Ft.-C. 

I. . . 

9-10 

8 - 9 

8-10 

18-20 

30-35? 

Inc. 120 

Inc. 120 

2 . 

8-10 

8-10 

8-9 

12-15 

8-10 

25-30 

9-10 

3 . 

8-10 

8-10 

8-10 

15-18 

8-10 

25-30 

8-10 

4 . 

10-15 

9-10 

8-12 

18-20 

14-15 

30-35 

9-10 

7 . 

14-15 

14-15 

16-18 

Inc. 120* 

Inc. 120 

Inc. 120 

Inc. 120 

11. 

13 . 

9-14 

4- 6 

9-10 

3 - 4 

10-14 

4 - 5 

Inc. 120 
Lac. 120 

Inc. 120 
Inc. 120 

Inc. 120 
Inc. 120 

Inc. 120 
Inc. 120 

14 . 

4-6 

4- 6 

4 “ 6 

Inc. 120 

Inc. 120 

Inc. 120 

Inc. 120 

22. 

8-12 

10-12 


12-15 

10-12 

25-30 

18-20 

23 . 

4- 6 

3 - 4 


18-20 

6 - 8 

25-30 

4 - 5 

*4 . 

4- 6 

4- 6 


18^25 

3 - 4 

18-20 

3 - 4 

Av.| 

7 - 5 - 1 ° 


Era 

16-19 

8.1- 9.8 

25-39 

8.5- 9.8 


* Inc. i ao «change definitely incomplete after iao minutes. 


The average time required for change by the n fish was between 7 and 10 minutes at 
all three of the higher intensities—100,10, and x foot-candles. A definite increase in the 
time required for change was seen at 0.1 foot-candle, and a further increase at 0.01 foot- 
candle. It is important to note that 4 fish definitely failed to turn completely dark even 
in 2 hours at 0.1 foot-candle while 5 failed to do so at 0.01 foot-candle. The significance 
of this will be discussed later. In the light of later results and in view of the work of 
Brown (1936), it now seems certain that the others were also incompletely dark at these 
intensities; but at least the condition of their melanophores was sufficiently close to 
complete expansion to be nearly indistinguishable by gross observation in the absence 
of a satisfactory standard of comparison. 

In attempting to discover what was involved in the increase of reaction time at low 
intensity, a second series of readings at the two lower intensities was made. In this case 
the fish were first adapted for 1 hour on a white background at the same intensity for 
which their adaptation time on black was determined. The results are shown in the two 
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columns marked “B” in Table 1. The fish which had not turned completely dark under 
the previous experimental conditions still did not do so. The lengthening of adaption 
time previously shown by the others at intensities below 1 foot-candle was, however, 
definitely reduced. Fish No. 1 was an apparent exception, having required an even long¬ 
er time to cha ng e than before; but since it died shortly afterward, this difference was 
probably due to some change in its physiological condition. 

These results thus show that, when the fish were preadapted on a white background 
at 10 foot-candles, the time required for change to the dark condition was approximately 
constant at intensities of 1 foot-candle or more. At lower intensities, two changes in 
response appeared: first, a lengthening of adaptation time; and second, a tendency 
toward incomplete change. With preadaptation at the test intensity, the former tended 
to be reduced, the latter was unchanged. 

TABLE 2 


Time (in minutes) required for change from dark to light condition 

A «after adaptation for 1 hour on black background at an illumination of 10 foot-candles; B“ after 
adaptation for z hour on black background at the same illumination as the test. 


Fish No. 

A 

100 Ft.-C. 

A 

10 Ft.-C. 

A 

1 Ft.-C. 

A 

0.1 Ft.-C. 

B 

0.1 Ft.-C. 

A 

0.01 Ft.-C. 

B 

0.01 Ft.-C. 

27 . . 

28 . 

37 . 

i- H 

ii- if 

1 -ij 

1 -ii 
il-a} 

i:;j 

I -It 

I -ij 

I -2 
i -ii 

1 -ii 
lJ-2 

2 -3 

1 -1} 

2 3 

14-2 

I -ij 

£} 

I "if 

I “if 

6- 7 

7 - 8 

7 -xi 
4 - 6 

li- l} 

I -1} 

I -2 

l-W 

ii—2 

36. 


1- xf 


. . 

40 . 


2 -2§ 




5 — 4 

if-2} 

44. 


I -if 




O *r 

A - C 

I -ij 

At . 






* i 

C — O 

i -4 

..* * • 

4 &. 


I —ij 




0 w 

8 -10 

i -xi 

.. 







Av*. 

1.4-1.8 

I.2-1.7 

1.1-1.7 

1.&-2.3 

n 

4.6- 6 0 

1.1-1.7 


For a complete study of the problem, it seemed desirable to study adaptation in the 
reverse direction, namely, fromtdark to pale condition. It was impossible to complete 
this study with the same animals, but the results of a corresponding series obtained with 
other individuals appear in Table 2. Because of deaths, only 4 of the 10 fish represented 
could be followed through completely at all intensities; but these, as well as the other 6 
on which determinations were completed at a few intensities, 9 how results similar to 
those for the change from white to black. The lengthening of adaptation time at low 
intensities seemed to disappear in all cases where preparatory adaptation was made at 
the test intensity. The principal differences from the previous series of experiments 
were, first, that no animals definitely failed to undergo complete change at low inten¬ 
sities, as far as could be determined under the conditions of the experiment, and, second, 
that the time required for change was much shorter. 

Thus, on a given background, either white or black, the rate of melanophore change 
was approximately constant at all of the higher intensities. The time required for change 
definitely increased at low intensity, however, unless previous adaptation had occurred 
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at the same low intensity. The fact that this increase in the time required for change 
apparently tended to disappear when the fish were exposed to the same low intensity 
throughout the experiment might suggest that the factor responsible for the longer 
adaptation time originally observed was the time required for the adaptation of the eyes 
to the low illumination. But while this factor may be important, it cannot explain the 
fact that such a large proportion of the fish definitely failed to turn completely dark at 
low illumination under any conditions. 

A possible clue as to what occurred was offered by the observation that at low in¬ 
tensities, on both white and black backgrounds, it seemed much more difficult than at 
higher intensities to determine whether complete change had taken place. From this, 
together with the observed definite failure of a large proportion of the fish to turn com¬ 
pletely dark under low illumination, the suspicion arose that the condition on either 
white or black background under low illumination was an equilibrium short of complete 
contraction or expansion of the melanophores. 

Direct evidence for incomplete change at low intensities was obtained by adapting 5 
normal minnows each on white and black background at 0.01 foot-candle for 1 hour, 
then throwing them into hot formalin solution and comparing pieces of the integument 
with similar pieces from minnows which had been on similar backgrounds at an illumina¬ 
tion of 10 foot-candles for the same length of time. Because of the small number of fish 
available and the great variation in the size and form of the melanophores, measurement 
of the melanin masses or other attempts to make strictly quantitative comparisons 
seemed unlikely to offer any advantage. Conclusions were, therefore, reached by com¬ 
paring two pieces of integument during several minutes of study and recording the gen¬ 
eral impression obtained. The conclusions reached were checked in each case by persons 
who knew nothing of the source of the pieces or the nature of the experiment but were 
simply asked to decide whether or not there was greater pigment dispersion in one case 
than another. In no case was there any doubt that under low illumination greater dis¬ 
persion had occurred on a white background, and less dispersion on a black one, than in 
the controls. 

Thus, neither complete dispersion nor complete contraction of the pigment occurs at 
low light intensity. It follows, therefore, that under such low intensity the observed time 
for color change is the time required for change from a partly dark to a partly light con¬ 
dition or the reverse. Consequently, even though the observed adaptation time be as 
short under some conditions as at higher intensity, the rate of change must have de¬ 
creased because of the corresponding decrease in the amount of change. 

In this connection the response of the fish to complete darkness is also of interest. 
Careful observations at various times on some thirty specimens of Nocomis have shown 
that in the dark a clearly intermediate condition is gradually reached, regardless of 
whether the fish are dark or pale to begin with. While exact determinations were not 
made, the minimum time for a reasonably complete approach to the equilibrium condi¬ 
tion in darkness seemed to be about J-i hour. The condition, once attained, persisted 
for at least 24 hours, the longest time the fish were left in the dark, so that this response 
to darkness is not a transient phenomenon. Various observations on other minnows, 
such as Semotilus atromaculatus and Pimephales promdas , have given similar results. 

It appears, therefore, that the melanophore change at the lower intensities of illumina¬ 
tion approaches the change which occurs in darkness in both rate and amount. In the 
dark the melanophores slowly reach an intermediate condition of expansion. Under low 
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illumination the time required for change, while less than that required in the dark, is 
greater than that required in stronger light. Likewise, though the response to back¬ 
ground is still do mi na n t even at the lowest intensity used, the expansion of the melano- 
phores is less on black, and greater on white, background than it is at higher intensities. 

The photic processes involved in melanophore changes at low light intensity must be 
limited by the sensitivity of the receptive apparatus. It is interesting to note that Brown 
(1936), in experiments published shortly after the completion of the foregoing, found 
1.75 foot-candles to be the lower limit at which complete melanophore expansion would 
occur in Ericymba buccata , and that below this point expansion was proportional to the 
intensity. In my own experiments, approximately complete melanophore change at a 
constant rate appeared to occur at and above about 1 foot-candle. Thus, changes appear 
to be independent of intensity down to about the same point in both of these minnows. 
It seems conceivable that the point where melanophore activity becomes dependent on 
light intensity may be the point where cone vision ceases. It must be borne in mind, 
however, that fish without eyes, though they no longer respond to background, may still 
show melanophore responses to changes in illumination, so that the problem of the 
exact structures and processes involved in reception is not a simple one. 

To what extent receptors other than the eyes were involved in the present results is 
not certain. The effect of light as such is always an expansion of the melanophores. It 
would appear, therefore, that a fish on either black or white background should be 
slightly darker if the direct response to light were involved than would otherwise be the 
case, since the effect of a black background would be reinforced while that of a white 
background would be opposed. Whether this is true could be determined only by elimi¬ 
nating the direct stimulation without affecting vision, and no convenient way of doing 
this has been found. Illumination of the eyes alone is almost impossible as long as the 
fish are free to move, while any restraint of the fish results in an excitement which itself 
has very marked effects on the condition of the melanophores. 

It is, however, a relatively simple matter to remove the eyeballs and thus eliminate 
the response to background. Tests with 12 fish thus blinded showed that the melano¬ 
phore change of which they were capable in response to differences in illumination was, 
at best, not more than half as great as that of normal fish. Such blinded fish appeared 
to be maximally dark at light intensities of 1 or 2 foot-candles or more. Reduction of the 
light produced a partial melanophore contraction, so that on a black background at 
intensities of 0.1 and 0.01 foot-candle the blinded fish were usually less dark than normal 
ones. Even in the complete absence of light, however, the appearance of the blinded fish 
could best be described as “moderately dark.” Normal fish on a white background, even 
at 0.01 foot-candle, were much more pale than any blinded fish was ever observed to 
become, and also more pale than they themselves would be in complete darkness. Thus, 
although the observed responses of normal fish may have been the result of several 
stimuli, it at least seems dear that the response to background was predominant even at 
the lowest intensity used. 

It may still be asked why the low rate of change which does occur at low light intensity 
does not eventually result in the same amount of change as the rate prevailing at higher 
intensity, even though the time to reach the final condition might be longer. The an¬ 
swer probably is that, while photic stimulation ordinarily dominates and determines the 
condition of the melanophores, it is not the only force capable of affecting them. In the 
complete absence of light, melanophores may still change as a result of these other 

Vol. XI, No. 3, July, 1938] 



298 


RAGNAR NATHANAEL DANIELSON 


forces. Below a certain point, the influence of light is no longer completely dominant, 
and the condition of the melanophores is then determined by the sum of all the forces 
of the external and internal environment which are capable of affecting them, and per¬ 
haps by the most stable condition inherent in the structure of the melanophores them¬ 
selves. The weaker the light, then, the more closely will the equilibrium condition of the 
melanophores approach the one attained under similar conditions in the complete 
absence of light, and the more closely will the time required for the change to this condi¬ 
tion approach the time required for the corresponding change in the absence of light. 

SUMMARY 

The melanophore responses of N. biguttatus to white or black background with il¬ 
lumination from above have been found to be approximately constant in rate and 
amount at light intensities of 100, 10, and 1 foot-candle. 

A decrease in both the rate and amount of melanophore change appeared at an in¬ 
tensity of 0.1 foot-candle, and a further such decrease at 0.01 foot-candle. These changed 
responses are thought to be due to the incomplete stimulation of the visual elements by 
such low illumination. 

Although the influence of the background still appeared to be most important, the 
response on either white or black background at these low intensities began to approach 
the response to complete darkness, namely, a slow change to a condition of partial ex¬ 
pansion of the melanophores. 
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THE SIMILARITY BETWEEN THE HYPOPHYSEAL CHROMATOPHORO- 
TROPIC HORMONE AND THE CHROMATOPHOROTROPIC HOR¬ 
MONE OF THE CRUSTACEAN EYESTALK 

(One plate) 

A. A. ABRAMOWITZ 

From the Marine Biological Laboratory, Woods Hole, Massachusetts 
and the Biological Laboratories, Hamid University 

T HE discovery of Smith (19x6) andAllen (1916) that extirpation of the hypophys¬ 
eal anlage in embryos of the tadpole was followed by striking changes in the 
pigmentary coat of the developing animals led to a complete revision of the 
problem of chromatic activity. This, and especially the subsequent work of Atwell 
(1919), Swingle (1921), Krogh (1922), and Hogben (1924), demonstrated quite con¬ 
vincingly that the pituitary gland secretes a hormone which controls specifically the 
expansion of the integumentary melanophores of the amphibians, and thus delivered the 
first blow to Pouchet’s conception (1876), which was generally held prior to 1913, that 
melanophore reactions of animals were governed through the intervention of peripheral 
nerves. Since this date it was found in rapid succession that the chromatophores of 
crustaceans (Perkins, 1928; Koller, 1928), most elasmobranchs (Lundstrom and Bard, 
1932), cyclostomes (Young, 1935), and some reptiles (Noble and Bradley, 1933; Klein- 
holz, 1935) were controlled by hormones. 

The teleosts and possibly also the African chameleons (although the latter have not 
yet been investigated) do not lose completely their ability to respond to black back¬ 
grounds following hypophysectomy (von Frisch, 1911; Desmond, 1924; Matthews, 1933* 
Parker, 1934; Abramowitz, 1936a, i 937 < 0 . The comparative physiology of these two 
groups whose melanophores appear to be controlled chiefly by the autonomic nervous 
system has been discussed in detail by Sand (1935), but there has been no similar com¬ 
parative treatment of the melanophore reactions of those animals whose color changes 
are due directly to the intervention of blood-borne hormones. The experiments and 
results which have been published in abstract form elsewhere (Abramowitz, 19366, c, d) 
form the foundation for a comparative treatment of the endocrine basis of pigmentary 
activity in the crustaceans and the lower vertebrates, and serve to point out certain 
similarities between the chromatophorotropic hormones of these two groups. Professor 
Parker’s book (1936), which integrates in terms of neurohumoralism the older concepts of 
nervous and endocrine mechanisms relating to chromatophores, is especially valuable for 
a unified concept of the entire field of chromatic physiology. 

MATERIALS 

i. The chromatophores —Lower vertebrates possess four kinds of chromatophores 
which are single cells and are always monochromatic. These are the melanophores, con¬ 
taining melanin; guanophores, containing pigments derived from the purines; xantho- 
phores and erythrophores, whose pigments belong to the carotenoid series. Crustacean 
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chromatophores, however, are not usually single cells but are composed of two or more 
cells, somewhat like a coenocyte (Keeble and Gamble, 1904). Furthermore, crustacean 
chromatophores may be monochromatic, like those of the vertebrates, or polychromatic, 
in which case two or more pigments are present within the same chromatophore. Chem¬ 
ically, pigments similar to those mentioned occur in the crustaceans. However, the pig¬ 
ments of the Crustacea cannot be positively identified by their colors, for the melanins 
range from yellow through red to black, while the polyene pigments also range from 
yellow to dark brown in color. Consequently, certain crustacean chromatophores which 
have been designated as melanophores may in reality be “carotenophores,” and vice 
versa. 

It appears that the chromatophores of the vertebrates may be compared only with 
the monochromatic chromatophores of the Crustacea, if with any at all, and that only 
chromatophores containing similar pigments may be safely compared with one another. 
Thus, the melanophores of vertebrates may be compared with monochromatic melano¬ 
phores of crustaceans, the xanthophores with the monochromatic chromatophores con¬ 
taining a similar pigment in the crustaceans, etc. The polychromatic chromatophores of 
the crustaceans, it appears, must be treated as a special type and cannot be compared 
fairly with any chromatophore of the vertebrates, for nothing anatomically simi la r to 
these polychromatic chromatophores occurs in the vertebrates. Whenever melanophores 
occur abundantly in either the crustaceans or the vertebrates, they are usually the chief 
instruments in provoking color changes. In this paper the melanophores were studied 
almost exclusively in the brachyuran crustaceans and in such vertebrates as the frog, 
the lizard, the dogfish, and several teleosts. 

2. The hormones .—The vertebrate chromatophorotropic principle is found in the 
pituitary gland from cyclostomes through primates. It has been termed the “melano- 
phore hormone” (Smith and Graeser, 1924; Jores, 1932; Dietel, 1932; Stehle, 1936; to 
mention a few), the “ ‘B’ substance” (Hogben and Slome, 1936), and “intermedin” 
(Zondek and Krohn, 1932a). This principle affects not only vertebrate melanophores 
(Hogben, 1924) but also erythrophores (Abolin, 1925; Saphir, 1934; Zondek and Krohn, 
1932a, 6) and xanthophores (Abolin, 1925; Giersberg, 1932; Abramowitz, 19365). The 
possibility that there are separate hormones for each of these three chromatophores 
exists (cf. editor’s footnote, Zondek, 1935a, &), and, in fact, the separate identities of a 
melanophore and an erythrophore hormone have been advocated (Jores and Lenssen, 
1933; Rodewald, 193s). This has, however, been denied by Bbttger (1934,1936). Con¬ 
sequently, it will be perhaps best, for the present, to regard the chromatophorotropic 
principle as a hormone which affects all three chromatophores, until it is shown con¬ 
clusively that more than one hormone is involved. The most suitable of the names for 
this hormone, therefore, is “intermedin,” since this term does not necessarily refer to an 
effect on any particular type of chromatophore. 

The relation of intermedin to other hypophyseal principles seems to be clearly indi¬ 
cated. Zondek and Krohn (1932 £) claimed their intermedin had no anterior or posterior 
lobe hormones, but antidiuretic activity has been found (Sulzberger, 1933; Turner, 
1935). Downes and Richards (1935) achieved a partial separation of antidiuretin and 
intermedin. Finally, Fisher (1936) reported that atrophic pars nervosa lacks vasopres¬ 
sin, antidiuretin, and oxytocin, but not the chromatophore factor. It appears, therefore, 
that intermedin is a distinct hormone of the hypophysis. However, the vasopressor and 
antidiuretic effects may be due to one hormone (Fraser, 1937). 
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The hormone of the crustacean eyes talk has been called the “eyes talk hormone” 
(Perkins, 1928), the “crustacean chromatophore activator” (Kropp and Perkins, 1933), 
and the “crustacean chromatophorotropic hormone” (Abramowitz, 19376). All these 
general terms are applicable because the eyestalk extract affects the erythrophores, 
melanophores, guanophores, and “xanthophores” of the Crustacea. Neither vertebrate 
nor invertebrate pigmentary hormone has been isolated in chemically pure form. 

The terms “intermedin” and “eyestalk hormone” will be used throughout this paper. 
All experiments with intermedin were performed with dilutions of one stock solution 
prepared from commercial sheep (whole gland) pituitary powder. Oxytocic and vaso¬ 
pressor activity are negative, but some antidiuretic effect was found by testing normal 
frogs. Quantitative treatment is obtained by expressing the amount of intermedin in¬ 
jected in terms of gram equivalents of the powder. Eyestalk hormone was prepared as a 
water extract of the eyes talks, boiled to coagulate the proteins, or, in some cases, in more 
purified form (Abramowitz, 19366). 

EXPERIMENTS AND METHODS 

I. THE COMPARATIVE PHYSIOLOGY OE MELANOPHORE RESPONSES; THE RELATIONS AMONG THE 
EYES, ENDOCRINE GLANDS, AND THE MELANOPHORES 

All investigators are agreed that the eyes are essential in initiating melanophore 
responses of animals, such as are induced by placing the animal over illuminated white 
or black backgrounds. Yet the relation between the eyes and the pituitary in the verte¬ 
brates and the eyes and the eyestalk glands of the Crustacea has not been definitely 
solved. This relationship can be analyzed by performing similar surgical operations. 
When the eyes are removed from such representative specimens as the frog, the lizard, 
the dogfish, and the lamprey, the melanophores of the integument become expanded and 
remain in a more or less expanded state indefinitely, provided illumination is present and 
the temperature is maintained normal for each particular specimen. When a similar 
operation is performed on the eyes talks of the brachyurans by excision of only the retina, 
the same result is obtained, although in this case the existence of a diurnal rhythm 
modifies the result (Abramowitz, 19376). The expansion of the melanophores following 
excision of the retina has been thought by Parker, Brown, and Odiome (1935) to be due 
to an innate property of these chromatophores. However, this does not seem to be valid, 
because, if such blinded vertebrates are now hypophysectomized, complete and enduring 
pigment concentration ensues. Similarly, if the remainder of the eyestalks in which the 
endocrine glands are located is excised, the melanophores of the brachyurans become and 
remain contracted. Thus, it seems that, when the eyes are removed in the vertebrates, 
the pituitary secretes intermedin continuously under the specified environmental condi¬ 
tions because a mechanism (eyes) which can completely inhibit the release of the hor¬ 
mone is removed. 1 A similar situation is found in the brachyurans, where excision of the 
retina produces a continuous secretion of the chromatophorotropic hormone for 3 or 4 
days before the diurnal rhythm is re-established. The entire situation is summarized in 
Tables 1 and 2. 

This similarity in the behavior of melanophores was pointed out by the author (1935), 

1 In the cydostomes, the pineal complex supplements the eyes in inhibiting the release of melano¬ 
phore hormone (Young, 1935). In this connection it might be pointed out that a light receptor in the 
skin may aid in keeping blinded animals dark by stimulating the pituitary. 
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and led to the studies now being reported. It seems dear that the reactions of the 
melanophores of the Brachyura and of the vertebrates as listed in Table i are identical 
following the removal of the chromatophorotropic hormone from the circulation. Ad¬ 
ministration of the hypophyseal chromatophore hormone easily restores the dark colora¬ 
tion in hypophysectomized frogs (Hogben, 1924), lizards (Kleinholz, 1935), dogfishes 
(Lundstrom and Bard, 1932), and lampreys (Young, 1935). Administration of the eye- 

TABLE 1 

Condition of melanophores after removal of the eyes and glands 


Author 

Species or Genus 

Condition 

State of Melanophores 

MegaSur, 1912 

This paper 

Abramowitz, 1935 

Carlson, 193 5 

This paper 

This paper 

Kleinholz* 

Hogben and Slome, 1931 

Young, 1935 

Uca pugnax 1 
U minax \ 

Poriumn anceps 1 
V pugtlator j 

Mu steins (pupb) ] 
Rana 

Anohs 

Xenopus 

Lampclra 

1 

1 

1 

Eyes talks extirpated 
(glands and eyes 
removed) 

Hypophysectomized 
+ eyeless 


f C 

1 C Invertebrates 

IC Brachyura 

lc 

C Vertebrates 

Elasmob ranch 

C Amphibian 

C Reptile 

C Amphibian 

C Cyclostome 


Symbols C ■“ concentrated; •**—personal communication 


TABLE 2 

Summary of the effects of gland or eye removal 


Animal 

Condition with Illumination and Normal Temperature 

State of Mel- 
anophorea 

Vertebrates 

Eyes and hypophysis removed 

c 


Eyes intact, hypophysis removed 

Eyes removed, hypophysis intact 

c 

E 

Invertebrates (Brachy¬ 



ura) 

Retina and glands removed (eyestalk extirpation) 

C 


Retina intact, glands removed 

? 


Retina removed, glands intact 

E 


Symbol* C-contracted, E—expanded, ’-bin not been performed 


stalk hormone to blinded brachyurans also restores the dark coloration (Carlson, 1935; 
Abramowitz, 1936c). Thus, the responses of the melanophores of the brachyurans and of 
the vertebrates cited to the chromatophore hormone of each group, respectively, are also 
identical The possibility that the identical reactions might be due to a similarity in the 
hormones involved was next investigated. 

n. EFFECTS OF THE EYESTALK. HORMONE ON VERTEBRATE CHROMATOFHORES 

Koller and Meyer (1930) and Meyer (1931) showed that eyestalk extracts of Crangon 
contracted the mdanophores of Gobius and Pleuronectes, while rostral organ extracts 
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expanded these cells. Perkins and Kropp (1932a, b) and Kropp and Perkins (1933) 
found that extracts of Crago produced melanophore contraction in Anguilla , Myoxo - 
cephalus , and Limanda ; no response in Pollachius and Scomber; and melanophore ex¬ 
pansion in Clupea. Extracts of the eyestalks of Pagurus and Homarus produced melano¬ 
phore contraction in Fundidus . Furthermore, these authors found that stalk extracts of 
Palaemonetes, Callinectes, Homarus , or Pagurus produced melanophore expansion in 
white-adapted tadpoles. 

1. Amphibians .—Kropp and Perkins 9 results on normal white-adapted frog tadpoles 
were first verified. Ten normal white-adapted tadpoles were injected intraperitoneally 
with an extract of Palaemonetes eyestalks. The injection volume was 0.1 cc., and the con¬ 
centration of hormone was 50 E.S./cc. a Melanophore expansion occurred in 9 animals. 
Similar injections into normal black-adapted specimens brought about no change in the 
already expanded melanophores. About 30 hypophysectomized specimens 3 were in¬ 
jected, with results similar to those of the white-adapted group (PI. I, Figs. 1 and 2). 
The normal tadpoles were maintained on the same background after making the injec¬ 
tion as before, a procedure which is standard for all experiments in which normal 
animals are used. 

The same experiment was repeated with adult frogs {Rana pipiens ). One-half cubic 
centimeter of a purified extract of 100 E.S./cc. (. Palaemonetes) was injected into the 
dorsal lymph sac. Five white-adapted, 5 black-adapted, and approximately 20 hypophy¬ 
sectomized frogs were tested, and the results described for the tadpoles were verified 
(PI. I, Fig. 3). The injected pituitaryless specimens remained dark, in some cases, for 10 
hours. Moreover, responses could be elicited with injections of as little as 10 or 15 E.S. 
(about 3 Uca units). Frog melanophores are exceedingly sensitive to intermedin, for 
darkening occurs in hypophysectomized specimens after injection of 0.01 mg. equivalent. 

2. Elasmobranchs .—As test objects, the pups of the smooth dogfish, Mustelus cants 
were used. Extracts of the eyestalks of Libinia and CaUinectes were tested. A dose of 20 
E.S. was found to produce complete expansion of the melanophores of hypophysec¬ 
tomized pups (eight tests) when injected intramuscularly. Intraperitoneal injections 
were negative. The animals which responded positively were injected near the anterior 
dorsal fin, and the darkening that appeared usually enveloped most of the anterior half 
of the fish. The same dosage tested similarly on 4 normal black-adapted specimens pro¬ 
duced no change in the expanded melanophores. The expansion of melanophores in the 
hypophysectomized series persisted for 5 hours. The dosage of the crustacean hormone is 
rather high (about 80 XJca units), but the minimum dosage of intermedin injected 
intraperitoneally necessary to darken hypophysectomized pups was found lobe 0.1 mg. 
equivalent (20 animals tested). 

3. Reptiles .—Unfortunately, only few experiments were performed, owing to difficult 
ties encountered in securing the lizard, Anolis. Through the kindness of Dr. L. EL 
Kleinholz, 7 Anolis were available. Three were hypophysectomized by a direct oral 
route (one dying the next day); and 4 normal animals, 2 white-adapted, and 2 black- 
adapted, were used as controls. These specimens were injected intraperitoneally with 

* The letters “E.S ” are used as an abbreviation for eyestalk. 

* Two-thirds of these hypophysectomized tadpoles were kindly given to me for these experiments 
by Dr. W M. Etkin, of the American Museum of Natural History, New York, to whom I am much 
indebted. The remaining tadpoles 'nere hypophysectomized at the 4-mm. stage by Allen’s method 
(1916). 
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o.i cc. of an extract of Palaemonetes in a concentration of ioo E.S./cc. The normal black- 
adapted specimens showed no changes. The normal white-adapted animals showed ir¬ 
regular dark areas (melanophore expansion) along the ventral surfaces, but the dorsal 
surface remained green (melanophore contraction). One of the hypophysectomized 
animals responded in a similar fashion, while the other showed a more uniform darkening 

(PL I, Fig. 4). 

4. Teleosts, —The catfish, Ameiurus, and the kilhfish, Fundulus, were used as test 
objects. The catfishes were hypophysectomized by the opercular approach (Abramo- 
witz, 1937a), and bands of caudal melanophores were denervated by Wyman’s (1924) 
technique. One set of 6 animals was placed in white vessels for 5 days, and another set 
of equal number placed in black dishes. Two sets of normal animals were likewise 
placed in white or black dishes. Innervated and denervated melanophores of both nor¬ 
mal and hypophysectomized specimens become adjusted to these backgrounds (Parker, 
1934). In the white vessels, both innervated and denervated cells become contracted; 
while in black surroundings, the melanophores (innervated and denervated) of normal 
animals are fully expanded but those of hypophysectomized animals are not completely 
expanded (Abramowitz, 1936a). 

Each animal was injected intraperitoneally with an extract of 100 E.S. of Polae- 
monetes, but the results were not clear cut. Within an hour there was no change in the 
black-adapted normal series, usually a slight expansion in the innervated and de¬ 
nervated areas of the white-adapted normal and hypophysectomized groups, and incon¬ 
clusive changes in the black-adapted hypophysectomized group. The experiment was 
repeated by injecting a larger dose (200 E.S.) into 15 white-adapted normal fishes. Now 
the expansion of innervated and denervated cells was more marked; and a condition of 
half-expansion, remaining for 2 hours, was obtained in 7 animals. The remaining 8 
animals darkened very strongly, but died during the experiment, since the excessive dose 
was undoubtedly toxic. The experiment was again repeated, using a more purified ex¬ 
tract (Abramowitz, 19366) and injecting a smaller dose intramuscularly in order to 
obtain a more local response. While this type of an injection is undoubtedly inferior, 
because subcutaneous injections in teleosts result often in nonspecific effects, it does 
avoid the use of a dose which is toxic. Accordingly, 24 fishes were divided into four 
groups as described above, with the exception that bands of cells were not denervated. 
Injections of 50 E.S. (. Palaemonetes ) were made into the dorsal muscles at a region 
slightly anterior to the anterior dorsal fin. After 15-20 minutes, melanophore expansion 
resulted in the two white-adapted groups and in the black-adapted hypophysectomized 
group but no change occurred in the normal black-adapted group. 

It is difficult to conclude definitely that the eyestalk extract expands the melano¬ 
phores of the catfish, since the necessary proof (complete expansion in a denervated area) 
was not obtained. At best, the denervated cells showed a condition of half-expansion. 
The reaction of the innervated cells might be due actually to a toxic action on the nervous 
system, though this could not account for the response of the denervated area. Repeti¬ 
tion of this experiment with hypophysectomized Fundidus, a section of whose tails was 
denervated by Wyman's method, gave negative results. In no case did the crustacean 
extract, when injected intraperitoneally, produce melanophore reactions in either in¬ 
nervated or denervated melanophores. 

The expansion of erythrophores of teleosts, such as Phoxinus , is claimed by Zondek 
and Krohn (1932a, 6) to be a specific indication of the presence of intermedin. Although 
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this is questionable, it was of interest to test the action of the crustacean hormone upon 
the erythrophores. No Phoxinus being available, the dace, Chrosomus erythrogaster y was 
used (Saphir, 1934; A. Young, 1934). Twenty-four fish were injected either subcutane¬ 
ously or intraperitoneally. The injection volume was 0.1 cc. of a stock solution of 100 
E.S./cc. ( Palaemonetes ). Seventy per cent of the animals injected subcutaneously 
showed erythrophore expansion (some also showed melanophore expansion), but intra- 
peri toneal injections were rarely followed by a positive response. 

Taking all of the results into consideration, it appears that the action of the crustacean 
extract on vertebrate melanophores is to induce generally the expanded state of these 
chromatophores. This action is characteristic of intermedin, and it seems that the effect 
of these two extracts on the melanophores is similar. Furthermore, the erythrophores of 
vertebrates tend to respond similarly. Information concerning the action of the crus¬ 
tacean hormone on vertebrate xanthophores would be exceedingly interesting. 

III. EFFECT OF INTERMEDIN ON CRUSTACEAN CHROMATOPHORES 

The brachyurans, Uca pugUcUor and Z 7 . pugnax, were chosen as test objects (Abramo- 
witz, 1936c). Sixty animals, whose eyes talks were extirpated 2 days previously, were 
injected with various known doses of intermedin. These blinded animals are pale, re¬ 
gardless of light intensity or of background. The most suitable dose was found to be 0.05 
cc. of a concentration of 1 gm. equivalent of intermedin in 1 cc. of sea water. Typical 
responses ensued (cf. Abramowitz, 1937c). The animals became dark within hours, 
remained dark for 7 hours, and finally became pale again (PL I, Figs. 3 and 6). Microscopic 
examination disclosed that intermedin produced expansion of the melanophores and 
contraction of the guanophores and “xanthophores.” The erythrophores were unaf¬ 
fected, these remaining contracted. The eyestalk hormone of Uca (or of any other crus¬ 
tacean tested [cf. Abramowitz, 1937c]), when injected into blinded specimens, produces 
the same reaction except that the erythrophores become expanded. Thus, there is a 
significant difference between the qualitative effects of vertebrate and invertebrate 
pigmentary extracts in the crab, Uca . 

IV. EFFECT OF EXTRACTS OF THE ASCmiAN SUBNEURAL GLAND COMPLEX ON VERTEBRATE 
AND CRUSTACEAN MELANOPHORES 

Because of its embryological history and cytological appearance, the subneural gland 
has been considered a primitive pituitary gland. Butcher (1930) demonstrated that the 
subneural gland contains the oxytocic hormone, and Bacq and Florkin (1935) and 
Abramowitz (1937c) showed that the chromatophorotropic principle is also present. 
The former produced melanophore expansion in normal frogs with an extract of Ciona , 
while the latter produced melanophore expansion in Uca with an extract of Molgula 
(subneural gland = 0.2 Uca units). The vasopressor hormone is also present in this 
primitive pituitary of protochordates (Bacq and Florkin); and recently Hogg (1937) has 
reported a gonadotropic effect of the subneural gland of Polycarpa , the large Bermudan 
form, on the immature mouse. 

V. COMPARATIVE PROPERTIES OF THE CRUSTACEAN HORMONE AND INTERMEDIN 

The properties of the two hormones may best be compared in tabular form (Table 3). 

Intermedin is potentiated from ten to twenty-five times by exposure to alkali (Hogben 
and Winton, 1922; Smith and Graeser, 1924; Zondek and Krohn, 193 2<Z; Bfittger, 1934; 
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Jores, 1934; Stehle, 1936). The eyestalk hormone is stable to NaOH when a mixture of 
the hormone and NaOH is boiled for 5 minutes (Carlson, 1936) but not for longer periods 
(Abramowitz, 19376). If the potentiation by alkali is due to a change in the intermedin 
molecule (Stehle, 1936), it would seem that there is a significant chemical difference be¬ 
tween the invertebrate and vertebrate hormones. However, the potentiation may be due 
to the removal of an inhibiting substance (Bdttger, 1936) or to circulatory facilitation 
resulting from the destruction of vasopressin by alkali (Hogben and Gordon, 1930). 

DISCUSSION 

The general trend of the evidence seems, therefore, to indicate a similarity between 
the vertebrate and invertebrate pigmentary hormones. This similarity between the eye- 
stalk hormone and “pituitary secretion” was first pointed out by Kropp (1932), inas¬ 
much as both eyestalk extracts and pituitrin expanded tadpole melanophores. Addition- 


TABLE 3 



Crustacean Eyestalk 
Hormone 

(Abr&mowilx, 19376) 

Intermedin 

(Zondek and Krohn, 1933d) 

Water. 

Soluble 

Soluble 

Ethanol (absolute).. 

Soluble 

Soluble 

Ethyl ether. 

Insoluble 

Insoluble 

Chloroform. 

Insoluble 

Insoluble (practically) 

Acetone (absolute). 

Insoluble 

Insoluble 

Benzine. 

Insoluble 

Insoluble 

Methanol (absolute) 

Soluble 

Soluble 

Add (HC 1 ). 

Stable 

Stable 

AJkali (NaOH). 

Stable 

Stable 

Boiling. 

Stable 

Stable 

Oxidation. 

Destroyed 

Destroyed 


al evidence has been presented in this paper from the comparative physiology of melano- 
phore responses, from some chemical and physical properties of the two hormones, and 
from reciprocal replacement therapy tests. Nevertheless, while the similarity seems to be 
striking in several respects, one must approach the problem with a good deal of caution. 

In the first place, the evidence from the comparative physiology of melanophores may 
be a peculiar coincidence whose significance is quite different from that herein described. 
Two significant exceptions must be noted. The black pigment (a melanin) of Crangon 
expands when the eyestalk glands are removed (Koller, 1930), and contracts when the 
animal is injected with the eyestalk hormone. However, it becomes dispersed when 
Crangon is injected with hypophysin (Bdttger, 1934). Thus, the two extracts produce 
opposed reactions. The full significance of these observations cannot be fully appre¬ 
ciated at present because the black pigment of Crangon is contained mainly in poly¬ 
chromatic chromatophores. The other case is that of Ligia (Kleinholz, 1937). Ligia has 
monochromatic melanophores (single cells 1) which contract when its hormone is injected. 
This is, of course, opposite to the behavior of the melanophores of the brachyuxans listed 
in Table 1. The action of intermedin or of the brachyuran eyestalk on Ligia 9 s melano¬ 
phores would be well worth investigating in this connection. 
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The reliability of the reciprocal replacement therapy experiments is undermined by 
the existence of nonspecific responses of the melanophores. This danger, one of the 
greatest in chromatophore research, has not been duly emphasized, for chromatophores 
are unusually sensitive structures and may be induced to respond to an array of chemical 
and physical stimuli. It is generally acknowledged that intermedin is a specific hormone 
for vertebrate chromatophores. Extracts of tissues other than the pituitary gland do not 
produce melanophore expansion in a hypophysectomized specimen (Hogben, 1924). The 
same may also be true of the brachyuran and other crustaceans with respect to the 
eyestalk glands. Yet the possibility exists that the eyestalk hormone produces only a 
nonspecific response when injected into a hypophysectomized vertebrate, and vice 
versa. This question cannot be definitely answered at present, for there is still little 
known concerning the existence of nonspecific melanophore responses in hypophysec¬ 
tomized vertebrates or eyestalk-amputated brachyurans. 4 

The qualitative differences, already mentioned, in the reciprocal actions of the pig¬ 
mentary hormones cannot be properly explained. The failure of intermedin to expand 
the erythrophores of the crab, Uca, should be investigated further, and the reactions of 
the melanophores in Crangon are still uncertain. Consequently, these differences cannot 
be discussed adequately until more observations are at hand. From the quantitative 
standpoint, only the response of the hypophysectomized frog to eyestalk extract is 
similar to that resulting from a weak dosage of intermedin. The action of intermedin in 
Uca in the concentration used is indistinguishable quantitatively from that of an eye¬ 
stalk extract containing 2 Uca units. However, this dose of intermedin is significantly 
high. Greater dilutions usually produced no reactions; furthermore, I have been unable 
to balance comparable doses by testing frogs and crabs simultaneously. In other words, 
0.05 gm. equivalents of intermedin are quantitatively equal in effect on the crab to 2 
Uca units, but 2 Uca units of Palaemonetes hormone are ineffective usually on the 
hypophysectomized frog, while 0.05 gm. equivalents of intermedin will darken frogs for 
several days. Much more pituitary hormone is needed, then, to produce a reaction in 
crabs than in frogs, and vice versa* Assuming that the reciprocal effects are due to the 
hormones and are not results of toxicity or contamination of the extracts, the explanation 
of this difference may be: (1) a difference in the responsive tissues, since a crustacean 
melanophore and a vertebrate melanophore may be as different physiologically as they 
are anatomically, (2) a difference in the chemical composition of the hormones or im¬ 
purities present in the extract. 5 

Concerning the first, it can be pointed out that the melanophores of Uca do not con- 

4 Another point to be considered is the problem of the number of pituitary diromatophorotropic 
hormones. The recent work of Hogben (1936) and of Hogben and Slome (1936) points to two pituitary 
pigmentary hormones—an expanding (intermedin, “B” substance) and a contracting C*W” substance) 
hormone. The previous discussion has proceeded on the assumption that only one hormone (inter¬ 
medin) is involved in the chromatic physiology of amphibians and other vertebrates, simply because 
the bulk of this work had been completed before the most recent papers of Hogben and of Hogben and 
Slome had appeared. Moreover, the interpretations of most of the data, already presented, would not 
be seriously invalidated by the existence of the “W” hormone, since only the expanding hormone is 
under discussion. 

1A third possibility is that both the hormones and the melanophores of brachyurans and vertebrates 
are different but that the mechanism by which intermedin expands a vertebrate melanophore may be 
gimflitr to that by which the eyestalk hormone expands a crustacean melanophore. There is, however, 
nothing known concerning the microphysiobgy of the melanophores under endocrine influences. 
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tract to adrenalin, -while those of fish and amphibians, as is well known, react to very 
small doses. Furthermore, the melanophores of some selachians are refractive to adrenal¬ 
in, while in other elasmobranchs adrenalin may produce pallor indirectly, through 
vasoconstriction (Wykes, 1936). It is obvious, then, that vertebrate melanophores do 
not always react by contracting to adrenalin hydrochloride; and, indeed, the reaction, at 
least in one particular case (.Anolis [Kleinholz, 1936]), may be just the reverse. Verte¬ 
brate melanophores, therefore, may be slightly different physiologically from one genus 
to another. 

The second possibility cannot be adequately discussed because neither of the two 
hormones has been obtained in a pure state. The word “similarity” has been used 
throughout this paper to mean a similarity in physiological effect, not a chemical similar¬ 
ity or identity. The activity of both is found in more or less the same solvents, and some 
other properties are common to both; consequently, on this basis they may be said to 
behave alike. Judging from the chemistry and physiological effects of lie sex hormones, 
for example, it would be extremely surprising to find chemically identical pigmentary 
hormones in the crustacean eyestalk, the ascidian subneural gland, and the vertebrate 
pituitary. Intermedin may even be slightly different chemically in the pituitary of dif¬ 
ferent vertebrates. What may be possible, however, is that the vertebrate and in¬ 
vertebrate hormones may be related sufficiently to produce reciprocal pigmentary reac¬ 
tions when given in proper doses. 6 


SUMMARY 

The monochromatic melanophores of the brachyurans remain expanded after loss of 
the eyes but contract after removal of the eyestalks. These responses are similar to those 
of the melanophores of amphibians, reptiles, elasmobranchs, and cyclostomes following 
optic enucleation and hypophysectomy, respectively. By reciprocal replacement therapy 
eyestalk extracts of several crustaceans have been shown to be effective in expanding 
melanophores of an elasmobranch (Mustelus), a teleost (Atneiurus), an amphibian 
( Ratia), and a reptile (Anolis). Similarly, intermedin, the hypophyseal hormone, was 
found to produce an expansion of the melanophores of eyestaJk-amputated brachyurans 
(Uca). The comparative chemical properties of the two pigmentary hormones are listed 
and discussed. 
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PLATE I 

Fig. i.—M elanophores of a hypophysectomized tadpole X38. 

Fig. 2 —Melanophores of a hypophysectomized tadpole after injection of eyestalk hormone. 
X38. 

Fig. 3 —Left, hypophysectomized frog injected with crustacean hormone; center, hypo¬ 
physectomized frog injected with intermedin; right, hypophysectomized frog uninjected. X { 

Fig. 4 —Left, hypophysectomized Anolis mjected with crustacean hormone; right, hypo¬ 
physectomized AtwUs uninjected. X$. 

Fig. 5.— Top, dark coloration produced in blinded crab ( V . pugjUator ) mjected with inter¬ 
medin; bottom, pale blinded crab, uninjected Xi. 

Fig. 6 .— Top, U. pugnax, blinded, uninjected, bottom, U. pugnax, normal dark phase. Xi 



ON THE MOTOR AND INHIBITORY INNERVATION OF THE 
LEGS OF BRACHYURAN DECAPODS 

(Two figures) 

C. A. G. WIERSMA AND GEORGE MARMONT 
William G. Kerckhoff Marine Laboratory of the California Institute 
of Technology, Corona del Mar, California 

V AN HARREVELD and Wiersma (1937) have described the innervation of the 
muscles of the cheliped of the crayfish Cambarus clarkii and Asiacus trowbridgii, 
giving a description of the number, the course, and the function of the exciting 
and inhibiting axons going to the distal six muscles. They had previously found, for 
the same animals (1936), that the adductor of the claw is innervated by two motor 
fibers; stimulation of the thicker of these fibers produces a “fast” contraction, while 
stimulation of the thinner gives rise to a “slow” contraction. It was found that this 
double motor innervations occurs generally in other muscles of the legs of these animals 
as well as in those of all marine decapods investigated on this point (Wiersma and van 
Harreveld, 1938). Indeed, it was concluded, in the paper first mentioned above, that 
the muscles of the crayfish limb are commonly innervated by two motor axons and an 
inhibiting one (triple innervation). 

In continuation of the foregoing studies the innervation of the legs of several brach- 
yurans has been physiologically investigated. It will be shown that, although the triple 
innervation is also the rule here, there are, as compared to the innervation of the cray¬ 
fish, some important differences both in the course and function of the inhibiting fibers 
(see the scheme shown in Figure 2). Those differences should be taken into account in 
investigations of the peripheral nerve muscle system of crabs. 


METHOD 

After removing a cheliped or a walking leg from the animal, the meropodite was 
opened and the nerve running through it was exposed by removal of the flexor and 


Subtribe 

Superfamily 

Family 

Species Used 

Oxystomata. 


Lcucosiidac 

RandaUia ornala (Randall) 

No species obtainable 

Eeierocrypta occidsnialis (Dana) 
Loxorhynckus grandis Stimpson 

Cancer anihonyt Rathbun 
Pachygrapstis crassipes Randall 

Dromiacea. 


Brachygnatha. 

Oxyrhyncha 

Brachyrhyncha 

Parthenopidae 

Inachidae 

Cancridae 

Grapsidae 



extensor muscles contained in the meropodite. Using the same technique as described 
in previous papers, the exciting and inhibiting axons were separated and tested by 
means of two pairs of micromanipulated electrodes, the nerve being submerged either 
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in sea water or in Pantin’s marine solution when not being stimulated. In some cases 
the contractions were registered, but usually they were only visually observed. When¬ 
ever possible, measurements of the diameters of the fibers were made. 

Five species of crabs were studied. Their place in the tribe Brachyura is indicated 
in the classification on the preceding page (after Borradaile). 

EXPERIMENTS ON THE ADDUCTOR AND FLEXOR 

When the whole leg nerve, prepared as indicated, was placed on the electrodes and 
faradically stimulated, often no contraction of any muscle was observed upon a stimu¬ 
lation strength which should have been adequate. Very strong stimulation, however, 
would cause closing of the claw and flexing of the propodite. Sometimes a very narrow 
range of weak stimuli would produce a contraction, while somewhat stronger stimuli 
would give no effect. After the nerve had been divided into several bundles, dosing of 
the daw could usually be obtained from one of these. Further division of this bundle 
always yielded two fibers which were responsible for this contraction. In agreement 
with the results found by Wiersma and van Harreveld (1938), stimulation of the thinner 
fiber at frequendes below 50 per second usually produced a contraction which was more 
rapid than that resulting upon stimulation of lie thicker fiber under the same condi¬ 
tions. As the frequency was raised above 50 per second, a transition frequency was 
found at which the two types of contraction were quite similar in appearance; at still 
higher frequendes, the adduction elidted by means of the thicker axon was always 
faster than that caused by the thinner one. The transition frequency was rather in¬ 
constant in the present experiments, varying not only with the spedes but also with 
the state of fatigue of the preparation. Since it is likdy that the quick fatigue is a fea¬ 
ture of the summer season, a more detailed comparative study of the transition fre¬ 
quency was not made at this time. 

Upon simultaneous stimulation with one pair of electrodes of all the fiber bundles 
remaining after isolations of the two adductor motor axons, one or both of the latter 
axons being also stimulated with the other pair of electrodes, it was found that usually 
the contraction of the adductor was dther suppressed entirdy or reduced considerably. 
Next, the bundle responsible for this inhibition was isolated and divided. When the 
inhibiting axon was found, exdtation of the remaining fibers of this bundle produced 
flexion of the propodite, an effect which had not been visible before. Further isolation 
yielded two fibers of different diameters which caused this contraction, indicating the 
existence of a double motor innervation here. These two motor fibers usually run quite 
dose to the inhibiting axon mentioned above. When this inhibiting fiber was stimulated 
simultaneously with one or both of the flexor motor fibers, it was found that flexion 
inhibition also occurred; in other words, the adductor and the flexor have one inhibitory 
fiber in common. This fiber, then, is able to suppress or reduce the contractions pro¬ 
duced by exdtation of any one of four motor fibers. 

In the large walking legs of Loxorhynchus it was possible to record the contractions 
of the adductor and of the flexor separatdy, the tendon of the latter musde being con¬ 
nected directly to a lever, while the contraction of the adductor was recorded with a 
lever connected to the dactylopodite. Figure 1 shows the effect of stimulation of the 
inhibitor axon upon the contractions produced by the stimulation of the four motor 
fibers simultaneously. However, such records were difficult to obtain because the neces- 
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sary stimulation of the inhibitor fiber during its preparation often resulted in fatigue of 
inhibition before isolation of the inhibitor had been accomplished. 

EXPERIMENTS ON THE ABDUCTOR AND EXTENSOR 

In the crayfish the flexor of the propodite has its own inhibitory axon, while the slow 
contraction of the adductor is inhibited, though to a slight extent, by the same fiber 
which inhibits the contraction of the extensor of the propodite (Hoffman, 1914; Serkoff, 
1936; Marmont and Wiersma, unpublished). In crabs, however, the function of the 
extensor inhibitor was found to be restricted to the extensor muscle. As in the crayfish, 
the abductor and the extensor are innervated by a single common motor axon, but 
preparation of this motor axon and of the extensor inhibitor fiber is more difficult in 



Fig. i.—P reparation from Loxorhynchus grandis showing simultaneous inhibition of the contractions 
of the adductor and of the flexor of the propodite produced by stimulating their common inhibiting axon. 
The two motor fibers to the adductor and the two to the flexor are faradically stimulated on one pair 
of electrodes; the inhibitor is similarly stimulated by another pair. In A , inhibition is applied in the midst 
of a contraction; in B, the inhibition is started before excitation. In this preparation adductor inhibition 
is not complete. Ad is the isotonic contraction of the adductor; FI, that erf the flexor; Ex and In show the 
periods when excitation and inhibition were given, respectively; T is the time in seconds. 

crabs because the inhibitor fiber of the abductor runs in the same bundle. This means 
that no contraction of either muscle can be obtained until at least one of these three 
fibers has been separated from the others. This difficulty is mitigated by the facts that 
these rather large axons run in a bundle containing only a few small sensory fibers and 
that the bundle occupies a fairly constant position in the whole nerve. Since the extensor 
and the abductor muscles have one single motor fiber in common, they possess only one 
type of contraction and must be considered, as in the crayfish, as parts of one motor 
unit, being separately inhibitable. 

SCHEME OF INNERVATION 

In Figure 2 the innervation to the four distal muscles found by this method in all 
the species of crabs investigated is compared to that found in the crayfish. It will be seen 
that the number of fibers is the same in botji types, not only in total number but also 
as divided according to the function: “fast,” “slow,” or inhibitory. However, the 
following differences are present. In the crabs the opener inhibitor does not run in the 
bundle containing the adductor motor axons, at least not distally to the beginning of 
the meropodite, In these animals there is no extension of the extensor Inhibitor to the 
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closer muscle, as in the crayfish (we term such an extension the “X-fiber”), but instead 
there is an extension of the flexor inhibitor to the closer (Y-fiber). This Y-fiber is much 
more effective in producing inhibition of the adductor muscle than the X-fiber. It is 
interesting that in these two suborders of the decapods, whose limbs are morphologi¬ 
cally quite similar, inhibition of the adductor should have been taken over in one group 
by the inhibitor of the flexor of the propodite and in the other group by the inhibitor of 
the extensor of the propodite 



Cambarus- Astacus Brachyurans 


Fig. a.—Diagrams of the innervation of the distal four muscles of the chelipeds or walking legs of the 
crayfish and of brachyurans. The unbroken lines represent an axon causing a “fast” contraction; the 
dashes represent those causing a “slow” contraction; and the dotted lines represent inhibiting axons. 
Ab is the abductor; Ad, the adductor; Ex, the extensor of the propodite; and Fl t the flexor of the propo¬ 
dite. X and Y mark the “X” and “Y” fibers. 

Several anomuran decapods were given a preliminary investigation, namely, Pagurus 
ochotensiSj Brandt, Paguristes bakeri , Holmes and Blepharipoda occidentalism Randall. 
Physiologically, their innervation seemed identical with that occurring in the crayfish, 
except that no evidence was found for the existence of the X-fiber. 

FIBER DIAMETERS 

Measurements of the diameters of fibers from preparations of Loxorhynchus , Cancer , 
and Pachygrapsus are given in Table i. As in the crayfish, the motor and the inhibitor 
axons are of large size, compared to the sensory axons. The diameter of any specific 
fiber bears no relation to the size of the species: the largest fibers occur in the walking 
legs of Pachygrapsus , which is one of the smaller species investigated. Cancer and 
Loxorhynchus , the largest species, had fibers of a diameter corresponding to those of 
the much smaller crayfish. 

SUMMARY 

The innervation of the legs of five species of brachyuran decapod crustaceans was 
investigated by isolating the motor and inhibiting axons going to the distal four muscles. 
The function of those fibers was observed upon stimulation. 
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As in the crayfish, the abductor and the extensor of the propodite muscles were found 
to be parts of one motor unit, but each possesses an inhibitor fiber; these three fibers 
run in the same bundle in the meropodite. The adductor and the flexor of the propodite 
each has its own “fast” and “slow” axons; however, only one inhibitory fiber is present, 
and this inhibitor is able to suppress or decrease contractions of both muscles. 

TABLE 1 


Fiber diameters 


Species 

Adductor 

Common 

Inhibitor 

Flexor 

Abductor 

Extensor 

Abductor 

Inhibitor 

Extensor 

Inhibitor 

Fast 

I 

Slow 

Fast 

Slow 
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THE OLFACTORY REACTIONS OF DROSOPHILA MELANOGASTER 
MEIGEN TO THE PRODUCTS OF FERMENTING BANANA 1 

(Three Figures) 

MELIA R. REED 

Department of Zoology, University of Minnesota 

f I *\HE most extensive early work on the olfactory sense of Drosophila mdanogaster 

| was that of Barrows (1907). In the course of his work Barrows made some pre- 
JL liminary experiments to determine substances which called forth positive reac¬ 
tions. These experiments consisted of setting up a trap, conta inin g the odorous sub¬ 
stance to be tested, in a glass cylinder closed by a glass plate. The air in the cylinder was 
kept moist by the evaporation of distilled water. A hundred flies which had been pre¬ 
viously starved for 24 hours were put into the cylinder, and at the end of another 24 
hours the number caught in the trap was recorded. The trap used by Barrows consisted 
of a vial through the cork of which extended a piece of glass tubing (Fig. 16). Following 
these preliminary experiments, Barrows used an olfactometer, in which the flies, while 
passing from a vessel in response to light, were given a “choice” of entering a trap on one 
side containing odor or a trap on the other side containing water. 

Barrows (p. 536) sums up his results as follows: 

These flies are positively chemotropic to amyl and especially ethyl alcohol, acetic and lactic 
adds and acetic ether. 

Acetic ether, isobutyl acetate and methyl acetate, when added in small amounts to 10 per 
cent ethyl alcohol, greatly increase its attractiveness. A similar increase is noted where acetic 
or butyric adds are added to the alcohol. All these organic substances are found in fermenting 
fruits. 

The optimum strengths of ethyl alcohol and acetic add as determined by the number of 
positive reactions given to different strengths is 20 and 5 per cent, respectively, while a mixture 
containing per cent alcohol and £ per cent acetic add gives a slightly higher number of 
positive reactions than is given by either 5 per cent acetic add or 20 per cent ethyl alcohol. 

The possibility of improving the methods used in Barrows* preliminary experiments 
and of more accurately measuring the reactions of Drosophila to the products of fer¬ 
menting banana led to the present experiments, 

METHODS 

Effect of trap form on catch —The best trap is obviously one which will catch and retain 
the greatest number of flies. Trap form is thus a matter of prime importance. Various 

1 The author wishes to express her appreciation to Dr. D. E. Minnich, hex adviser, not only for the 
suggestion of the problem but also for his invaluable criticism and bis inspiring enthu si a sm ; to acknowl¬ 
edge her gratitude to Dr, C. P. Oliver, who taught her how to culture D. mdanogaster; to Dr. A. C. 
Hodson, who has given her some helpful suggestions; and to Dr, Joseph Valasek, who measured the range 
of the red lamp which was used. She wishes to thank Dr. R. N. Danielson and Dr. Elizabeth Brown 
Chase for valuable suggestions and German translations, and she wishes also to express her indebtedness 
to other students who have worked on this problem, among whom are Gertrude Fink McIntosh, Edith 
Quamme Meincke, Philip Le Compte, and Patty Hynes Wallace. 
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types of traps tried by previous workers in this laboratory are illustrated in Figure i. 
No one of these proved satisfactory. The form of trap finally chosen may be seen in the 
experimental setup (Fig. 2). It is made from a piece of glass tubing 8J cm. long and 
28 mm. in internal diameter, one end of which has been drawn out and bent in to form an 
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a. Fink's Trap. e A trap tr/eef by Hynes 

b. Barrow's 7rap, / One 0 / the traps tr/ect 

c Hynes ' Trap. by Quamme & le Com pie. 

d. Trap X. 

Fig i.—T raps used by other workers 

inverted funnel-shaped opening. The lower end of the funnel opening is 2.1 mm. in 
diameter. The other end of the tube is closed by a cork. In setting up the trap, the odor 
solution is put into a sm all glass dish or thimble and set on the cork, and the trap is 
placed over it. 

With a bait of fermenting banana the foregoing trap caught about 90 flies out of 100 
in 12 hours, other pertinent factors being under control. A number of such traps were 
made, and an identification mark scratched on each. In eight experiments 7,113 flies 
were caught out of 7,755, or 91.7 per cent. Nine out of the eleven traps used caught 
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over 90 per cent, while the two remaining traps caught 87.9 per cent each. The variation 
in catch ranged from 90 to 98 per cent in the best trap and from 65 to 99 per cent in the 
poorest trap. The high percentage of flies caught and retained in the traps over a period 
of 12 hours signified that the escape was small. 

The greatest difficulty in the selection of a trap was the variability in catch irrespec¬ 
tive of the type of trap employed. This variability led to the investigation of other 
factors which might be important in influencing the number of flies caught. 

Effect of other factors on catch .—Temperature is important for several reasons. The 
rate at which the fly moves decreases as temperature decreases. Fewer flies are, there- 



Fig. a —The experimental setup, consisting of a bell jai on a sand-blasted glass plate, containing a 
trap with the odor solution and a watch glass of cotton soaked with distilled water to regulate humidity. 
The hole in the side of the bell jar is used at the beginning of the experiment to insert the counter and at 
the end of the experiment for etherization of the flies. 

fore, caught in the traps at lower temperatures. The fly may make some internal phys¬ 
iological adjustment to the temperature of its environment, so that it may make a 
difference if the fly is experimented upon at the same temperature at which it is cultured 
or at other temperatures. This is a question for experimentation. 

The temperature at which flies are cultured is also important in determining the size 
of the flies; and when the flies are small, the number caught is less than when they are 
large. Much recent work has been done on this question of relation of temperature to 
size. Alpatov (1929) found that Drosophila reared at 18 0 C. was larger in a series of 
bodily dimensions than when reared at 28° C. His method of determining size consisted 
of taking nine measurements on different parts of each individual. Hersh (1924) and 
Baron (1935) have studied the effects of temperature on the facet number in D. mdano- 
gaster; and Stanley (1935) has studied the effect of temperature on wing length, with 
similar results. 
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The writer used the average weight per hundred to determine the relative size of flies 
raised at different temperatures. Since the flies rapidly lost weight because of the evap¬ 
oration of water from their bodies after etherization, it was necessary to weigh them 
before counting them. With flies weighing 113.2 mg. per hundred, 90.4 per cent of 1,007 
were caught; while with flies weighing 87.7 mg. per hundred, only 62 per cent of 1,008 
were caught. 

There are three possible reasons why fewer small flics arc caught: first, the smaller 
fly, after entering the trap, may escape more easily than the larger fly; second, the 
smaller fly may be less active, so that fewer enter the trap; and third, the smaller fly may 
be less responsive to odors. To test these possibilities the following experiments were 
performed. 

To test the possibility of escape, a hundred flies, weighing about 41.1 mg. per hundred, 
were counted into each of three traps. Each trap was set under a bell jar, and a dish of 
fermenting banana was also set under each bell jar. At the end of 2 hours it was found 
that an average of 36.3 per cent of the small flies had escaped, while an average of 6.2 
per cent of the large had escaped. This shows that a considerable number of flies do 
escape and that it is easier for the small flies to escape than for those of larger size. 

In a second experiment ten traps each containing 100 flies (which had been raised at 
21 0 C.) were set as in the previous experiment. After 12 hours it was found that the 
average percentage of escape for the males was 5.6, while that for the females was 2.4. 
Since females in Drosophila are larger than males, this difference may be due to size. 

These experiments thus show that the flies can and do escape when there is an attrac¬ 
tive odor outside the trap. The percentage of escape, however, is small when large flies 
are used. 

The effect of activity on catch was tested as follows. Since the visible spectrum of 
some of the insects is shifted toward the ultra-violet, it seemed possible to find a red 
light by which the experimenter could observe the actions of the flies under conditions 
which approach darkness for the flies. J The wattage of the lamp chosen was 25; and its 
range was from 617 /x/x to 758 juju, with the maximum brightness at 664 /x/x. According to 
Bertholf (1932), the extent of the spectrum for D . melanogaster is from 235 /*ju to about 
650 /x/x. The stimulating efficiency, however, of the longer wave-lengths is low, the rela¬ 
tive stimulating efficiency at 600 /x/x being 0.7; at 625 /x/x, 0.1; and beyond 625 /xft un¬ 
measured. 

The red electric light was put into a box (8X6X4 inches) which was open at the 
top. Upon the box was placed a sanded glass plate upon which sat a bell jar containing 
200 flies. After the flies had been starved for 10 hours, the trap containing the odor was 
slipped up under the bell jar and all the lights were turned out except the red light. The 
entrance of the flies into the trap was observed for 15 minutes. During this time no flies 
were observed to escape from the trap in any of the trials. The factor of escape, there¬ 
fore, did not enter into these experiments. At the end of the 15 minutes the flies were 
etherized and counted, and the percentages of males and females were recorded. 

In the first set of trials no bait was used in the traps. The flies were divided into four 
groups of 200 each, weighing 40 mg., 74.3 mg., 112.8 mg., and 117 mg. per hundred, 
respectively. Each group was placed under a bell jar. More large flies were caught than 
small flies, and more females than males. The percentage of females caught in each of 

During the time of trial the flies were kept in darkness. 
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the four groups was 6.4, 16.0, 32.4, and 36.4, respectively; and the cor¬ 
responding percentage of males caught was 1.1, 5.6,16.6, and 20.6. 

In the second set of trials the flies were all of the same weight, 117 mg. 
per hundred. The following baits were used: fermenting banana, 10 per 
cent acetic acid, 15 per cent ethyl alcohol, and 0.01 per cent amyl ace¬ 
tate. The fermenting banana caught 28.0 per cent females and 4.6 per 
cent males, the acetic acid caught o per cent females and 1 per cent males, 
the ethyl alcohol caught 34.9 per cent females and 10.6 per cent males, 
and the amyl acetate caught 26.2 per cent females and 14.2 per cent 
males. 

It is interesting to note that, when a Drosophila entered an empty 
trap, it crept right in without hesitating at the opening; but when it 
entered an odor trap, it hesitated at this point. With the 10 per cent 
acetic acid, which acted decidedly as a repellent, the flies, on reaching 
the opening, either backed out or turned and crept out. The one male 
which entered flew in directly from the air. 

Since no flies escaped, the red-light experiments with empty traps 
clearly show that there is a difference in activity. The small, under¬ 
nourished flies raised at high temperatures in crowded conditions are less 
energetic and active than larger flies raised under optimum conditions. 
The fact that more females were caught than males must, at least in part, 
be due to a greater activity on the part of the female or, perhaps better, 
to a difference in the kind of activity in the males and females. Since fe¬ 
males are searching for a place to lay their eggs, they may enter traps 
oftener than males. 

The third point raised above, viz., the relation between the size of 
the fly and the response to odor, was not determined. 

Elimination of anesthetic before trials .—Barrows (1907, p. 531) states: 
“It should be noted that the process of etherizing has no lasting effect on 
the ability of the flies to scent food, i.e., normal flies after recovery from 
ether find food with as great certainty as they did before etherization.” 
He says nothing, however, about the intensity of the etherization or 
about the time necessary for recovery. The writer has found that under 
certain conditions etherization has an effect upon the olfactory sense for 
at least 12 hours after etherization, and perhaps the injury may be per¬ 
manent. 

It was decided, therefore, to use only unetherized flies, 3 which neces¬ 
sitated a special technique. To count the flies without etherizing them, a 
counter, similar to the one Pearl (1928) used for population counts, was 
made. The counter (Fig. 3) is made from a piece of glass tubing about 
24 cm. long and with an internal diameter of 21 mm. One end is drawn 
to a funnel opening, 1.8 mm. in diameter and just large enough to let 
one fly go through at a time; while the other end is flared to fit the top 



Fig. 3.—The 
counter used to 
count flies with¬ 
out etherization. 


3 The etherizer consisted of a half-pint milk bottle into the top of which was put an aluminum funnel. 
The upper edge of the funnel was bent to fit around the top of the bottle; and the lower edge of the funnel 
tube was slit up and bent back to hold some cotton, which was soaked with ether each time the etherizer 
was used. 
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of a pint milk bottle. The plunger, which can be drawn up and down in the tube, is 
made of cork with a brass rod for a handle. The little valve which closes the opening is 
a cardboard washer to which is glued a long piece of piano wire. The wire extends from 
the valve up through the tube and through a small hole burned through the cork to 
about 4 cm. beyond the tube. By means of this wire the valve may be opened or closed 
to regulate the number of flies which go through. As a result of using unetherized flies, 
larger and more constant catches were obtained. 

Cultures .—The standard procedure was followed in making the yeast food. The fol¬ 
lowing proportions were used for 20 bottles: 

250 cc. bananas 10 gm agar 

125 cc. 'white Karo syrup J cc 10 per cent formalin 
625 cc water 10 yeast cakes dissolved in water 

100 cc. water (added after the agai solution boils) 

Twenty flies were counted into each culture bottle (pint milk bottle) without etheriz¬ 
ing, since etherizing retards the laying of eggs and the bottles are more apt to become 
moldy. Most of the flies used in these experiments were raised at 20° C. flies raised on 
yeast food and at this temperature are of good size, weighing about 117 mg. per hundred. 

General procedure .—The experiments were carried on and the cultures were developed 
in a small inside room which was about n feet long, 8 feet wide, and n feet high, main¬ 
tained at a constant temperature of 20° C. The glassware was washed, the cultures were 
set, and the odor solutions were made in a near-by room. 

The glassware was washed in tap water, rinsed in cleaning solution, tap water, and 
distilled water, and air dried. The small pieces and the milk bottles were dried in an 
electric oven, and the bell jars and the glass plates were dried with an electric fan. 

For steady experimentation a culture of 20 bottles was set every other day. When the 
young began to pupate, the parent flies were removed from the culture bottles. Three 
days after hatching started, the flies were emptied from culture bottles into 2 food bottles 
by means of an aluminum funnel. The food bottles were quart milk bottles into which 
about 4 tablespoonfuls of yeast food had set. A half paper towel was put into each bottle 
to take care of the moisture, and the top was closed with a plug of cotton. The following 
day some of the flies were emptied into the counter, to be used in experiments. These 
flies were from 1 to 4 days old. On the second day flies from the same food bottles were 
used. These were from 2 to 5 days old. No significant difference in reaction was found 
between the 1-4-day flies and the 2-5-day flies. 

In setting up an experiment, 12 bell jars were set on sand-blasted glass plates (Fig. 2) 
along the edge of a table in the constant-temperature room. A watch glass containing a 
piece of cotton soaked in distilled water was put under each bell jar, and a fresh cork was 
put into the hole on the side. A hundred flies were then counted into each bell jar, as 
previously described; the light was turned off; and the flies were left without food but 
with water for 10 hours. 4 At the end of this time the light was turned on, and an odor 
trap was slipped up under each bell jar by pulling the bell jar a little over the edge of the 
table. The flies were again left in the dark, this time for 12 hours, 4 after which they were 
etherized by pushing a plug of ether-soaked cotton through the hole in the side of the 
bell jar and replacing the cork. A count was then made, and the percentage of females 

4 The period used by Barrows was 34 hours. 
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and males caught was recorded. The constant-temperature room was then made ready 
for the next experiment by the removal of the glassware and by airing. 

It is well known that D. melanogaster is positively phototropic to a high degree. This 
factor was made use of in these experiments, not only to attract the flies to the top of the 
bell jar while the trap was being put in, but also to attract the flies through the opening 
of the counter. The end of the counter was put into a hole which had been bored into the 
side of the bell jar, and was turned toward the light. The rate at which the flies moved 
appeared to depend upon the intensity of the light and also upon other factors, such as 
the amount of moisture in the tube of the counter (moisture collects upon the sides of 
the tube of the counter if the flies are left in it for any length of time) and also upon 
the state of general excitement of the flies. This state could be brought about by 
emptying the flies from the food bottles into the counter. In regard to this state of 
general excitement, McEwen (1918) says that this fly is not phototropic unless it is in 
a certain physiological state brought on by, or at least accompanied by, activity. 

EXPERIMENTS 

It is well known that Drosophila is strongly positive to fermenting banana. The ques¬ 
tion naturally arises as to just which of the products of fermentation calls forth a positive 
response and in what proportions. Von Loesecke (1929) has studied such fermentations, 
and the following data are taken from his work. Banana mash contains 16 per cent 
fermentable sugars. With fermentation the ethyl alcohol content varies from 6.55 to 
10.12 per cent. Acetic fermentation gives 5.72 per cent acetic acid. The reactions of 
Drosophila to ethyl alcohol solutions varying from 5 to 30 per cent and to acetic acid 
solutions varying from 0.1 to 5 per cent were accordingly studied. 5 

Ethyl alcohol .—Ten experiments were made, in each of which 100 flies were tested 
with each concentration of alcohol and with each of three controls, viz. an empty trap, a 
trap containing distilled water, and a trap containing fermenting banana. 

The results of the experiments are given in Table 1. It is interesting to note that more 
flies were caught in empty traps than in water traps. Distilled water alone, therefore, 
acted as a repellent under the conditions of the experiment. 

The positive response of females, as shown by the number of individuals responding, 
increased with an increase of concentration up to between 10 and 15 per cent, beyond 
which point the positive response decreased with an increase in concentration. Of the 
solutions tried, the lowest, a 5 per cent solution, called forth a greater positive response 
among the males than any other solution. With an increase in concentration the positive 
response of the males decreased. A definite negative response was shown by both males 
and females to solutions above 25 per cent, since the percentage caught with solutions 
above this concentration was less than with empty or water traps. 

The most plausible interpretation of the difference in response between males and 
females is that it is a difference in response to odors and not entirely a difference in 
activity. If the difference in the reactions of males and females to any bait were due 
entirely to a difference in activity, we would expect this difference to remain constant, 
irrespective of the bait used. That it does not remain constant shows that there is a 
difference in reaction to the odor of the bait. 

Experiments with acetic add .—The methods used in the study of the reactions of 

* Solutions were made by volume. 
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Drosophila to acetic acid were the same as those used with ethyl alcohol solutions. The 
results of eight experiments, using 800 flies for each concentration, are given in Table 2. 
Solutions of o.i, 0.2, 0.4, 0.6, i, and 5 per cent concentrations were used. The writer’s 
results differ greatly from those of Barrows (1907). He found the optimum strength 

TABLE 1 

Summary of ten experiments, showing controls and response to ethyl alcohol 


Period of starvation, 10 hours. Time of trial, 12 hours. Age of flies, 1-4 and 2-5 days. Temper¬ 
ature, 20° C. 


Bait 

No. of Flies 

Caught in Trap 

No. or Fuss 

Not Caught 

Percentage 

Caught 

Female 

Male 

Female 

Male 

Female 

Male 

Empty. 

107 

mam 

252 

506 

29.8 

22.7 

Water. 

5 i 

BBS 

296 

594 

14 7 

9 9 

Banana. 

444 


34 

157 

94.9 

70.7 

5 per cent alcohol. 

274 

211 

189 

321 

592 

39 7 

10 per cent alcohol . . 

336 

163 

185 

324 

64. s 

33.5 

15 per cent alcohol. .. 

259 

199 

146 

380 

(>3 9 

34-4 

20 per cent alcohol.... 

239 

72 

353 

355 

40.4 

16.9 

25 per cent alcohol. ... 

89 

32 

434 

437 

13*2 

6.8 

30 per cent alcohol.. .. 

34 

17 

454 

5 io 

7.0 

32 


TABLE 2 

Summary of eight experiments, showing controls and response to acetic acid 


Period of starvation, 10 hours. Time of trial, 12 hours. Age of flies, 1-4 and 2-5 days. Tempera¬ 
ture, 20° C. 


Bait 

No. of Flies 

Caught in Tiap 

No. of Flies 

Not Caught 

Percentage 

Caught 

Females ' 

Males 

Females 

Males 

Females 

Males 

Water. 

54 

8l 

233 

441 

18.8 

15-5 

Banana. 

252 

436 

8 

lift 

969 

78.q 

0.1 per cent add. 

*51 

64 

240 

334 

38.6 

16. r 

0.2 percent add. 

196 

159 

220 


47 - 1 

40.9 

0.4 per cent add. 

279 

97 

193 


59.1 

29.7 

0.6 per cent add. 

236 


198 


54.4 

27.6 

x percent add. 

US 


316 

288 

26 7 

22.4 

S per cent add. 

16 

mm 

396 

396 

39 

.8 


of acetic add, as determined by the number of positive reactions given to different 
strengths, to be 5 per cent (induding the responses of both males and females). The 
writer found 0.4 per cent to be optimum for females and 0.2 per cent to be optimum for 
males, while a solution of 5 per cent or greater (tried in preliminary experiments) acted 
as a repellent. A 0.4 per cent solution caught 39.1 per cent of females, and a 0.2 per cent 
solution caught 40.9 per cent of males. A 5 per cent solution caught 3.9 per cent fe¬ 
males and 0.8 per cent males. 
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In regard to the repellent action of acetic acid, it was observed during the experiment 
with the red light that with a 10 per cent solution as bait the flies crawled down the 
funnel of the trap to the opening and then either backed out or turned and crawled out. 
Some stopped part way up the funnel to clean the head and abdomen. 

SUMMARY 

A series of experiments to determine the olfactory reactions of D. mclanogaster to 
solutions of various concentrations of ethyl alcohol and acetic acid is reported, with the 
following results. 

1. A trap has been perfected which will catch about 90 flies out of 100 in 12 hours 
when fermenting banana is used as bait. 

2. A new valve has been invented for Pearl’s counter which makes it possible to count 
out a definite number of flies at a time. This makes it unnecessary to etherize flies in 
order to count them, and thus does away with the possibility of the detrimental effects 
of etherization upon the olfactory sense. 

3. A method of observing the activity of Drosophila under conditions which approach 
darkness for the fly has been described. 

4. Large flies are more active than small flies. 

5. Females are more active than males, as indicated by the fact that more females are 
caught in empty traps than males. 

6. There is a difference between males and females in their response to odors. 

7. Excessive moisture acts as a repellent, as is shown by the fact that empty traps 
catch more flies than water traps. 

8. Drosophila females are strongly positive to solutions of ethyl alcohol up to 25 per 
cent, with a maximum response at 10-15 per cent; and Drosophila males are definitely 
positive to ethyl alcohol solutions up to 15 per cent, with a maximum response at or 
below 5 per cent. 

9. Drosophila females are strongly positive to acetic acid in concentrations up to 1 per 
cent, with a maximum response at 0.4 per cent; and Drosophila males are positive to 
acetic acid in concentrations up to 1 per cent, with a maximum response at 0.2 per cent. 

10. Solutions of ethyl alcohol above 25 per cent and of acetic acid above 5 per cent act 
as repellents to both males and females. 
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RACE AND CONJUGATION OF PARAMECIUM 

ARTHUR C. GEESE 

School of Biological Sciences, Stanfoid University 

M ANY investigators, among whom the most recent are Sonneborn and Cohen 
(1936), have reported that some races of Paramecium and of other protozoa 
conjugate readily while other races of the same species conjugate rarely, if at 
all, under apparentlyidenticalconditions. It is possible thatdifferentraces respond to vari¬ 
ations in different environmental factors, for changes in each of the following factors: (1) 
food supply (Maupas, 1889, and many others), (2) metabolites (Chatton and Chatton, 
I 93 I )> (3) pH (Austin, 1927), (4) salt type and concentration of the medium (Enriques, 
1909, and Zweibaum, 1912), (5) population density (Mast, 19x7), (6) oxygen tension 
(Enriques, 1909), (7) temperature (Prandtl, 1906), and (8) the type of substrate (Baitsell, 
1912) in which the organisms are grown, have been invoked but not conclusively proved 
as possible factors which, singly or concomitantly with other factors, induce conjugation 
in conjugating races of diverse protozoans. 

In a recent study of a conjugating race of Paramecium multimicronudeatum Powers 
and Mitchell, when most of the other factors were kept relatively constant, conjugation 
was found to be closely correlated with a decrease in available food after a period of 
plenty (Giese, 1935) when accompanied by a simultaneous change in temperature from 
26° to 20 0 C. The change in temperature alone was ineffective in inducing conjug atio n, 
It seemed interesting (1) to compare the conditions necessary for induction of conjuga¬ 
tion in a number of other races of the same species of Paramecium, and (2) to determine, 
should any of the other races fail to conjugate under the conditions which are correlated 
with conjugation in the race already studied, whether changes in any of the other en¬ 
vironmental factors listed above might induce conjugation. 

MATERIALS AND METHODS 

The races of Paramecium, which for convenience have been numbered 1, 2, 6, 7,8, 9, 
and 11, were all isolated in the vicinity of Stanford University but in different habitats 
and at widely separated localities. Race 1 was isolated in the fall of 1932; race 11 was 
obtained from this race in 1935; all the others were isolated in the spring of 1936. 

The culture methods were similar in most respects to those already reported. Briefly, 
the parameda were grown on a single strain of bacteria (Pseudomonas ovaiis) in buffered 
(pH 7.0) lettuce extract at 26 ± o.i° C., one animal being inoculated per cubic centi¬ 
meter of medium, and were prevented from conjugation by subculturing until conjuga¬ 
te 11 tests were made (34 days after inoculation). The main change in culture method 
from that previously reported was filtration of the medium, instead of decanting , to 
eliminate the particles of lettuce which interfered with the conjugation tests. Prelimina¬ 
ry tests showed that medium filtered through ordinary qualitative filter paper was unfit 
for use; thus, whereas in controls there were, on the average, 284 animals per cubic 
centimeter 3 days following subculture, in filtered mediu m there were but 5 per cubic 
centimeter. Medium filtered through Seitz and Chamberlain bacteriological filters was 
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so toxic that the animals rarely divided, became bloated and burst, dying long before the 
death of controls starving in balanced inorganic salt solution. It was later found that the 
qualitative paper could be rendered innocuous by a wash with hot lettuce medium (not, 
however, by hot distilled water). Furthermore, quantitative paper was generally non¬ 
toxic, but filtration was slow and tedious. Coarse, gray filter paper did not seem to intro¬ 
duce any toxic materials and was far more convenient than quantitative paper; there¬ 
fore, following a preliminary “safety” wash with hot culture fluid, it was used for filtering 
the culture media employed in these experiments. 

The method used for inducing conjugation was essentially that previously described 
(Giese, 1935). Animals from cultures in which multiplication had practically ceased were 
concentrated twenty fold by centrifugation and placed in watch glasses at 20° C. While 
concentration is unnecessary, it results in a more rapid reduction of remaining food. A 
change in temperature was found to be unnecessary for some of the races; but since the 
epidemic lasts longer at the lower temperature, such a change facilitates observations. 
When the effect of a given solution was to be studied, the paramecia were washed and 
suspended in that solution in the manner previously described. 

The isolation culture method used to determine viability of exconjugants of the differ¬ 
ent races studied was as follows. A single conjugant pair was placed in a tube 5 mm. by 7 
cm., containing about f cc. of the lettuce medium described, which was diluted half and 
half with distilled water, a very light inoculation with P. ovalis being made at the same 
time. Observations were then made at 12-hour intervals. Previous studies had shown 
that higher concentration of culture medium is unfavorable, since multiplication of 
exconjugants is too slow to keep apace of bacterial development. 

Dishes and glassware were carefully cleaned and sterilized by autoclaving or dry 
sterilization. Bacteriological precautions were observed for all organic solutions and cul¬ 
tures in such solutions; inorganic solutions were sterilized to prevent entrance of ex¬ 
traneous protozoans. Most of the experiments were performed in Columbia watch 
glasses or in i-inch Syracuse watch glasses; some in 3-inch watch crystals. All were ap¬ 
propriately moist-chambered. 

The inorganic balanced salt solution referred to in the paper is a modified form of the 
solution used by Barker and Taylor (1931), consisting of 6 per cent solutions of the 
following salts mixed in the proportions given: NaCl, 1,000 parts; MgCl a , 78 parts; 
MgS 0 4 ,38 parts; KC 1 , 22 parts; CaCL, 10 parts. This mixture was diluted five hundred 
times and buffered at pH 7.0 with 1 part stock buffer added to 9 parts salt solution. The 
stock buffer was made by titrating 50 cc. of a 0.20 M KH a P 0 4 solution to pH 7.0 with 
0.2 M NaOH and making up to 200 cc. All solutions were made up with water redistilled 
in an all-pyrex still. 

In all studies reported, unless otherwise stated, at least ten experiments were per¬ 
formed on at least three different days to obtain evidence on a given point. When experi¬ 
ments were negative, usually thirty experiments were performed, and sometimes even 
more. Measurements of animals reported are averages obtained from twenty-five indi¬ 
viduals. For such measurements a camera lucida and a stage micrometer were used. 
The animals to be measured were quickly injected into Dafano’s fixative or methyl green 
and outlined under camera lucida (without pressure from a cover slip). For permanent 
mounts the animals were fixed in Schaudinn’s fixative and stained with Feulgen’s 
nuclear stain, except those of race 1, which were stained with iron hematoxylin. 
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EXPERIMENTAL 

i. The races of Paramecium used in the investigation .—Each of the races selected for 
this study showed characteristics by which it could be distinguished from the others. 
Members of race n were least vigorous, dividing, on the average, but 1.42 times per day; 
members of race 8 were somewhat slower than the remainder, with a division rate of 2.31 
per day; members of races 2, 7, and 9 showed a division rate of about 2.5 per day; and 
representatives of race 6, 2.71 per day. The data, each from twenty counts and averages 
for 3-day periods (5 days for race 11), of the number per cubic centimeter in mass 
cultures are given in Table 1. 

All races save 1 and 11 were able to thrive on a suspension of P. ovalis in inorganic salt 
solution as well as in nutrient solution, ten successive transfers being tried in each case. 
Of the races tested (1, 2, 6, and 11), only members of race 2 were able to thrive on either 


TABLE 1 

COMPARISON OF THE RACES OF Paramecium STUDIED 


Race 

No. 

Length 
in ft 

Width 
in m 

Division Rate 
per 94 Hours 

Percentage 
Showing Con- 
jugants in Con¬ 
secutive Trials* 

Percentage 
of Conjuganta 
Viable! 

I. 

183.3 ±24.2 
187 ±20.2 

i8g±is.3 

199 ±21.8 
203 ±14.6 

l62±26.I 

I 7 I± 20.0 

56.5*8.8 

59 • 3 * 2 • 3 

69±7.2 

77*4-8 

66±8.2 

64±4.7 

49.4*6,0 

2.47 

2.50 

2 71 

2.42 

2.3I 

2-54 

1.4 2 

07.0 (66) 
88.6 (26) 

85.2 (27) 

96.4 (28) 

84.2 (19) 
100.0 (27) 
100.0 (25) 

Low 

50 (20) 

/ 10 (40) 

\68 (60) 

25 (40) 

65 (20) 

48 (3S) 

S-6 (67) 

2. 

6. 

7. 

8. 

Q. 

II. 



* The numbers in parentheses indicate the number of consecutive trials made, 
f The numbers in parentheses are the total number of trials mode. 


Bacillus subtilis or Pseudomonas fluorescens in lettuce; members of race 6-grew luxuriantly 
on P. fluorescens for a time, then died out; members of race n grew for a period of three 
transfers on each of the foregoing bacteria. 

Individuals of race 9 were shortest of all, being, on the average, 162 X 64 u\ those of 
race 11 were not much larger, being 171 X 4.9 m; those of race 8 were the longest, being 
203 X 66 it; all of the others were of more or less the same size, individuals of race 7 being 
a bit more rotund than the others. Members of race 2 were generally filled with many 
more excretion crystals than any of the others and were, in general, more active even 
during conjugation. 

Paiameda of all the races save n show micronuclei clearly; but the number is 
variable, a finding established as the general rule for this species of Paramecium by the 
careful work of StranghSner (1932). Generally four or fewer micronudei were seen; in 
many individuals only one could be seen; in some individuals of race 6 no micronudei 
could be observed, although others from the same culture showed them dearly. Such 
apparently amicronudeate individuals were also observed by Powers and Mitchell in 
their stocks (1910). In hundreds of specimens of race n examined in all stages—divid¬ 
ing, conjugating, in the normal vegetative stages, as wdl as in exconjugants—no micro- 
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nuclei could be observed following the Feulgen technique originally used. But when the 
time in acid was increased to about 20 minutes and the time in fuchsin sulphurous solu¬ 
tion to 24 hours, the micronuclei were plainly visible in all the specimens observed. The 
macronuclei of some members of race 11 showed fragmentation, a phenomenon occasion¬ 
ally observed in specimens of race 6. 

Exconjugants of the different races exhibited variable viability. Races i, 7, and n 
showed rather low viability, only 25 per cent of the exconjugants of race 7 giving rise to 
good cultures, and only 5.6 per cent of the exconjugants of race xi. Exconjugants of 
race 6 showed variable viability. In one series of tests only 10 per cent survived; in 
another, 68 per cent. Exconjugants of races 8 and 9 showed high viability, 65 and 48 
per cent, respectively, in the tests made. 

2. Conjugation tests .—After subculturing had been carried on for several months, 
conjugation tests were made. For all of the races except race 2, conditions similar to 
those already described for race 1 were found to be correlated with conjugation. Twenty 
to thirty tests were made on consecutive days, and other tests were made later at various 
times. All cases except in trials on races 9 and 11 gave a few negative results. Thus, in 
3 per cent of the trials with race 1, in 14.8 per cent with race 6, in 3.6 per cent with race 7, 
and in 13.8 per cent with race 8 no conjugants were obtained. However, in some cases 
the conditions were unfavorable for unknown reasons, and death of a few or of many 
animals occurred; in other cases the cultures were apparently entirely normal, yet no 
conjugation occurred. Also, on a variable percentage of days the epidemics in cultures of 
some races were very weak, only 5-10 per cent being in conjugation; for race 8 in 36.8 
per cent of the trials such small epidemics were obtained, for other races the percentage 
was much lower. Sonnebom (1936) has found a correlation between time since previous 
nuclear reorganization and conjugation. No evidence indicating a rhythm was here ob¬ 
tained, but the study did not extend over a sufficient period of time. A further study is 
being made. However, when normal epidemics occurred, they were closely correlated 
with the depletion of food. At least ten trials in which the animals were washed free of 
nutrient medium with buffered balanced inorganic salt solution were also made with each 
clone and the epidemics of conjugation were similar to those in the unwashed controls. 

If the paramecia are fed a suspension of P. ovalis at the time they are concentrated, 
the epidemic of conjugation is effectively delayed, the delay depending on the amount of 
food given. A i-mm. loopful of a 24-hour growth of P. ovalis grown on 2 per cent yeast 
extract in 2 per cent agar (26° C,), scraped even with the edges, was suspended in 1 cc, of 
buffered balanced salt solution to make a “standard” suspension. Two drops of such a 
suspension for the animals from 7J cc. of a standard culture (third day) did not delay 
conjugation for more than a few hours; 5 drops, however, produced an easily measurable 
delay of from 12 to 24 hours, depending upon the race and culture. Ten trials were made 
with race 6, three for each of the others. Therefore, as in the experiments on race x 
previously reported, here, too, feeding delays the onset of the epidemic of conjugation. 

Race 2, tested in the same manner, was the single exception. This race was grown in 
the standard manner for over 5 months before tests were begun. No conjugants were 
observed over this entire period. Sixty tests were then made in the standard m a n ner 
over a period of about a month; all were negative. Examinations at 12-hour intervals 
were made for 3 days on most cases, and in some cases for a week, to make certain that 
the epidemic of conjugation was not missed. A sticky state appeared at the time conju¬ 
gation would have occurred in a conjugating race, but not a single union was observed. 
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Therefore, experiments were now performed in which each of a number of other 
factors were varied concomitantly with the change in food supply. Thirty trials were 
made in each case. Changes in (i) substrate from lettuce (a) to o.i per cent oat-hay 
mixture and (6) to 0.05 per cent Agariciu; (2) pH from 7.0 (a) to 6.0 and (b) to 8.o, 
using comparable buffered inorganic salt solutions; (3) salt medium (a) to M/60,000 
FeCl 3 and (6) to M/48,000 A 1 C 1 „ both of which were found effective incitants by 
Zweibaum (19x2); (4) bacteria used as food from P. (roalib ( a ) to P.Jluorescens and (b) 
to B . subtttis , food bacteria being considered important by Chatton and Chatton (1931), 
were all without effect, for no conjugants appeared. Since observation lasted over 3 days 
after setting out a given test, it is unlikely that even chance conjugants would have been 
overlooked. 

Jennings (1910) reports successive starvation as effective in Paramecium aurdia for 
induction of conjugation. A series of two and three successive starvations was tried 
without success. Starved animals kept at 26° C. were also observed, but no conjugation 
occurred. Trials were also made in which animals were taken from cultures before the 
maximal population had been reached and 12, 24, and 36 hours after the maximal num¬ 
bers were reached in standard cultures. All proved negative. 

Just at the conclusion of the foregoing series of 320 negative experiments, and when 
the race had been in subculture for over 7 months, conjugants appeared, at first in small 
numbers and then in large numbers, both in cultures in lettuce-extract fed P. ovalis and 
in cultures fed B . subtilis . They appeared at the time the bacterial food was depleted 
(when the opacity due to suspended bacteria had disappeared). When such cultures 
were concentrated twenty fold and set out at 20° C., excellent epidemics in which 60-80 
per cent were in conjugation appeared. In a series of twenty-six daily consecutive trials, 
11.4 per cent showed no conjugation, 34.6 per cent showed rather poor epidemics, and 
all the others showed excellent epidemics. The reason for failure of a certain percentage 
to conjugate is not clear; in only a few cases was injury apparent. The interesting point, 
however, is that conjugation should suddenly appear and occur under exactly the same 
conditions found to hold for the other races and which previously had failed utterly to 
evoke even a single conjugant. It seems most likely that some profound change had 
taken place in the organism which now enabled it to respond to the change in the en¬ 
vironmental conditions. The epidemics were observed to occur for the following 7 
months, during which the culture was under observation. When the animals were fed a 
suspension of bacteria, the epidemic was similarly delayed, as in the experiments on the 
other races already described. 

The experiments on race 2 indicate that (1) the proper internal conditions are neces¬ 
sary to secure conjugation; (2) if these are favorable, conjugation will occur following a 
sudden depletion of the food supply in race 2, just as in the other races tested; and (3) 
variations in the environmental conditions other than food will not induce conjugation 
in this race when the internal conditions are such as to be unaffected by the sudden 
decrease of the food supply. 

In the course of observations of epidemics of conjugation in various races over the 
last 5 years, in only a few instances were almost all the paramecin in conjugation (usually 
about 60 per cent were united at a given time); at other times a much smaller number 
or a much larger number were united at the peak of an epidemic. It seemed possible that 
some internal change had taken place in members of a given done such that in a given 
population some of the subraces were “nonconjugating races,” others “conjugating 
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races.” To test this supposition, thirty individuals of race 6 were isolated and cultures 
were grown of each. When these cultures were tested for conjugation in the usual way, 
the individuals in all save one (in which abnormal development had occurred) con¬ 
jugated, and the epidemics were comparable but not better than those usually found in 
the parent 6 stock. There therefore seemed to be no separation of nonconjugating races, 
and the failure of some individuals to conjugate must be explained in some other way. 

To determine whether individuals not united at the peak of an epidemic would 
conjugate later, such individuals were picked out and observed for a period of time. 
Only occasional unions occurred, and observations of stained specimens obtained 12, 24, 
48, and 72 hours after isolation from the culture in which conjugation was occurring 
indicated that no nuclear changes were occurring in the majority of the individuals. A 
very few showed macronuclear breakdown; these might have been exconjugants. 

The nuclear behavior indicates that in all races we are dealing with true conjugation. 
Conjugants show the characteristic ribbon formation during macronuclear breakdown. 
Exconjugants fixed and stained 12-24 hours following isolation of conjugants almost 
invariably show macronuclear breakdown. Only 2 exconjugants out of 100 in race 6 
had their macronuclei intact; but in race 9, 20 out of 88 examined had their macronuclei 
intact. Exconjugants of all other races examined gave the characteristic macronuclear 
breakdown. 

In conclusion it appears that both internal and external environmental factors in¬ 
fluence the induction of conjugation. When the internal state was “unfavorable,” con¬ 
jugation was not induced by variation of a number of environmental factors tried. 
Sonnebom (1937), in his exceedingly interesting analysis of conjugation of members of 
certain races of P. aurdia , has shown that presence of two sexes in a culture is a necessary 
condition for conjugation. Preliminary trials with the races used here indicate that, with 
the possible exception of race 2, there is no clear indication of sexual differentiation. 
These studies will be reported in full at a later date. However, when conjugation oc¬ 
curred, it was found to be correlated with comparable environmental conditions for each 
of the seven races investigated. 


SUMMARY 

1. Seven races of P. multimicrottucleaLum were found to conjugate under similar 
environmental conditions. 

2. The main change in the environment correlated with conjugation was the depletion 
of food after a period of plenty. 

3. Feeding suspensions of bacteria to parameda effectively delays the epidemics of 
conjugation, the delay depending upon the supply of food given. 

4. One of the races which in the beginning did not conjugate under the foregoing con¬ 
ditions was unresponsive to changes in temperature, substrate, pH, FeCl„ or A 1 C 1 , 
solutions, and bacterial food upon which grown, when each of these was varied con¬ 
comitantly with decrease in food following successive starvations. 

5. This race suddenly began to conjugate, and the epidemics induced occurred under 
conditions similar to those obtaining in the other races. 
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REPRODUCTION OF PARAMECIUM IN OLD CULTURE MEDIUM 

(Three figures) 

W. n. JOHNSON AND GARRETT HARDIN 
Stanford University 

ALLEE (1931) states that “there is a general ecological assumption that the 
l\ accumulation of the waste products of a given species in their habitat tends, 
JL A. with most animals, to limit the time of their occupancy, at the same time pre¬ 
paring the way for another species to come in.” In his discussion of bacteria Henrici 
(1928) says: “The idea that growth is limited by the accumulation of some toxic sub¬ 
stance is the one that seems to be most generally accepted, though the evidence for it is 
far from being convincing.” The idea contained in these two statements relative to the 
role of waste products has been restated or assumed in most protozoan studies of the last 
forty years. 

In the first careful work on the subject Woodruff (1911) found an effect of waste 
products when from 1 to 4 animals had lived in about 0.5 cc. of medium for 24 hours. 
Using volumes of media, periods of time, and numbers of animals comparable to those 
employed by Woodruff, Myers (1927), Calkins (1926), Greenleaf (1926), Peterson 
(1929), Di Tomo (1932), and Beers (1933) obtained depressing effects of excretory 
products on protozoan division-rates. With reference to bacterial-free cultures of Glau¬ 
coma, Jahn (1934) says: “The fact that the supply of N compounds is not greatly 
decreased before growth stops indicates that cessation of growth is caused by the ac¬ 
cumulation of waste products.” Gause (1934) in his extensive experiments with proto¬ 
zoan populations accepts the conclusions of Woodruff concerning the effects of waste 
products on division-rate and states that he has eliminated the complicating influence 
of these substances by changing the medium in his cultures every 24 hours. 

A few other investigators have reported results which differ considerably from those 
referred to above. Dimitrowa (1932) found that a very small amount of old culture 
medium added to fresh medium caused Paramecium to divide faster than they did in 
nonconditioned medium. Phelps (1936) obtained populations of Glaucoma grown in pure 
culture on yeast extract as dense as 500,000 per cubic centimeter. He states that con¬ 
centrations of animals more than one thousand times greater than those observed in 
other investigations were obtained before the effects of excretory products on division- 
rate were noticed. In considering these differences, Phelps made two suggestions. In 
some cases he considered that the difference might be due to the fact that, as a population 
of mixed bacteria were growing along with the protozoa, the waste products of these 
bacteria might have had a depressing effect on the protozoan division-rate. He also sug¬ 
gested that different kinds of food might cause the same protozoan to produce excretory 
products quite different in nature and effects. 

Recently, Taylor and Strickland (1938) have been able to grow Colpoda duodenaria 
in 500-cc. cultures of balanced salt solution with a single kind of bacterium as the source 
of food, with uniform growth-rates. They have found that excretion products, ac¬ 
cumulating in the medium for 4 months, do not affect the growth curves. 
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In previous studies (Johnson, 1933 and 193 7) it was pointed out that experiments were 
needed to test the relative roles of food and waste products on division-rate in protozoan 
populations feeding on bacteria. To do this has been the aim of these studies. 

MATERIALS AND METIIODS 

The experimental animals were taken from a clone of Paramecium mullimicronuclcata 
which has been maintained in this laboratory for some time. The paramccia were grown 
in a nonnutritive balanced salt solution on suspensions of a strain of the bacterium 
Pseudomonas jluorescens obtained from the Stanford University bacteriology depart¬ 
ment. The bacteria were grown on agar plates. The method of making the salt solution 
has been described elsewhere (Johnson, 1933). A platinum loop with an inside diameter 
of 1.5 mm. was used to measure the suspensions. The paramecia were cultured in 5 and 
10 cc. of the liquid with 1 loopful of bacteria for each 5 cc. of liquid as the standard 
suspension (X concentration). Preliminary experiments using 1 Paramecium in 2 drops 
of different bacterial densities gave results which indicated that the density of bacteria 
used in the standard suspensions was about the optimum for this ciliatc at 20° C. In the 
5-cc. cultures, 80 paramecia were introduced at the beginning of the experiment. In the 
10-cc. cultures, 160 animals were used. 

The culture dishes were kept in moist chambers at constant temperatures. In some 
experiments the temperature was 20° C.; in others, 26° C. 

The cultures were centrifuged for counting. A glass rod with a ball on one end was 
used as a plunger to trap the paramecia in the bottom of the centrifuge tube. In this 
manner it was possible to trap all of the paramecia in approximately J cc. of the culture 
fluid. The remainder of the liquid was poured from the tube, and in the case of the 
experimental cultures was used with | cc. of fresh medium for the next day's culture 
fluid. In every case the liquid poured from the centrifuge tube was examined for para¬ 
mecia. The control cultures were made up each day from fresh medium. By this method 
the experimental cultures consisted of 4^ cc. of old medium plus 4 cc. of fresh medium. 
It was assumed in the beginning that the experimental culture medium would ac¬ 
cumulate more and more waste material as it was used over and over again. To take 
account of any possible effect of the £-cc. dilution each day, other experiments were 
devised which will be described later. 

For the actual counts the paramecia trapped in the centrifuge tube were transferred 
to a large depression slide, and the counts were made with a micropipette. The animals 
for each experiment were taken from the cultures of the preceding day. 

To insure the same amount of food in both control and experimental cultures, where J 
cc. of liquid was lost from centrifuging, a dense suspension of bacteria was made by 
adding 5 loopfuls of bacteria to 2^ cc. of salt solution; and then \ cc. of this suspension 
was added to 4J cc. of culture fluid in each case. In those experiments where no liquid 
was added to the old culture medium, attempts were made to fill the loop with the same 
amount of bacteria each time. 

Unless stated otherwise, the culture fluid was filtered through a Chamberland- 
Pasteur porcelain filter. The salt solution was buffered (as previously described) to a 
pH of 6.9-7.0, and the pH of the culture fluid was tested each time before the fluid was 
discarded. 

Any deviations from the above-described methods will be stated in the discussion 
of the experiments. 
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EXPERIMENTAL 

At the outset the best approach to the problem seemed to be in the use of the same 
medium over and over, filtered each day to remove all the bacteria. In this way the 
control series and the experimental series with the old medium could be kept the same 
with respect to the amount of food. 


TABLE 1 


USE OF FILTERED OLD MEDIUM 


Days 

Division-Rates 

Days 

Division-Rates 

Control 

Experimental 

Control 

Experimental 

I . 

2.04 


11. 

1.61 

1.29 

2. 

i.q6 

1.8S 

12 

1.10 

1.20 

3 . 

2.03 

2 17 

13 . 

1 .25 


4 . 

2.46 

2,11 

H. 

2.25 

2.15 

5 . 

I.Qt 

I 28 

15 . 

2 .II 

1-93 

6. 

1.87 

1-34 

16. 

1.76 

I.09 

7 . 

2 . 30 

2.06 

17 . . 

2.21 

2.29 

8. 

1.28 

1.03 

18 . 

1.04 

1.62 

9 . 

1.40 

I 83 

19 ., 

2.07 

2 00 

TO 

2.03 

I .60 

1 




Mean.... 

1.8l 

1.66 


Probability*: Control versus experimental, P = .0746 


* AH calculations by the method of "Student” (1925). 


Table i shows the results of such an experiment over a 19-day period. The fission- 
rates given here are the averages of two controls and two experimentals each day. As 
approximately 1 cc. of fluid was lost in the 
candle, the media from the two 5-cc. experi¬ 
mental cultures were mixed and filtered to¬ 
gether. Each culture lost £ cc. of medium in 
centrifuging. Thus, each culture lost alto¬ 
gether x cc. of medium. This loss was made 
up with fresh medium. The standard suspen¬ 
sion of bacteria was used, and the cultures 
were kept at ao° C. New cultures were seeded 
with animals from the same type culture of 
the preceding day. 

The mean fission-rate of the controls is 
slightly higher than the experimentals, but 
the difference is not statistically significant. 

On the basis of many of the results cited 
above, it was anticipated that there would be a gradual decrease in the fission-rate of 
the experimental series. This, however, was not the case. It seemed that either there 
was no pronounced effect of waste products for this period of time or the filter removed 
such substances and prevented their effects. Eijkman (1907) and Curran (1925) found 
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that growth-inhibiting substances from bacterial cultures would not pass through porce¬ 
lain filters, at least not in the early stages of the filtering process. So it seemed that this 
sort of thing might have happened here. 

In the preliminary experiments using small volumes of the standard suspension (in 
the ratio of one organism for each drop of medium) the medium appeared absolutely 
clear after 24 hours. Apparently, the paramecia had eaten most of the bacteria. Because 
of this it seemed that it might be possible to use the same medium over and over, 
unfiltered, without producing bacterial crowding of the protozoans. 

Before describing such experiments it seems advisable to refer to a difficulty en¬ 
countered in the use of unfil tered salt solution. Both with control and with experimental 
cultures it was possible to obtain consistent results for several days, and then the fission- 
rate would drop and in some cases the cultures would have fewer organisms than the 
original seeding at the end of 24 hours. 


TABLE 2 


Comparing filtered and unfiltered medium at 26° C. 


Days 

Filtered 

Unfiltered 

Dayi 

Filtered 

Unfiltered 

i. 

2.02 

0.72 

15. 

2.5s 

2.20 

2. 

1.99 

I.60 

16. 

2.22 

ss* 

2. 

2.05 

0.9S 

17. 

2.16 

0.86 

4. 

2.18 

1.87 

18. 

1.77 

1.09 

c. 

2.34. 

2.22 

19. 

2.25 

2.20 

6. 

2 02 

1.82 

20. 

2.24 

2.02 

7 . 

2.49 

2.23 

21. 

2.18 

jsp 

8. 

2.16 

I.Q2 

22. 

2.21 

(i 7 > 

9 . 

2.07 

2.07 

23 . 

2.48 

1.68 

10. 

1.66 

1.10 

24 . 

2.87 

0.03 

11. 

1.87 

( 73 )* 

25 . 

2.70 

2.47 

12. 

2 18 

2.01 

26. 

2.64 

2-40 

13 . 

2.29 

1 -75 

27 . 

2.12 

1.83 

14. 

2.41 

2.17 

28. 

2.25 

0.41 




* The actual number of organisms is given in parenthesis. In cones where Ihe division-rate fell below o.oo, 
the deficiency in animals was mode up with paramecin taken from the filtered cultures, so that the seeding for 
the fallowing day was again 8a animaU. 


Table 2 gives results with two control series, one using new filtered salt solution, the 
other unfiltered salt solution. Increase in the filtered medium was quite regular, but it 
was very inconsistent in the unfiltered medium. In the experiments cited in Table 1 the 
control medium was filtered each day simply as a control procedure. On the basis of 
results given in Table 2 and of other results, it was decided to filter all the salt medium 
used in subsequent experiments. 

In previous work (cf. Johnson, 1933 and 1936) this difficulty with the unfiltered 
balanced salt solution did not exist. In this work Merck’s C.F. chemicals were used in 
preparing th< salt solution. It seems probable that there were traces of heavy metals or 
other substances in the salt solution, as prepared, which were adsorbed by the filter. 
When filtered, the salt solution was quite satisfactory for culturing Paramecium. 

In Table 3 are given the results of two series of experiments conducted at different 
times under the same conditions. In Series I the controls have a slightly higher average 
fission-rate; in Series II the experimentals have a slightly higher average fission-rate. 
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Taken together, these two series of experiments do not indicate an important cumulative 
effect of waste products in the old medium. When double the standard suspension was 
used in these experiments, the results did not indicate a very marked crowding effect of 

TABLE 3 


Use of unfiltered old medium and 2X concentration 

OF BACTERIA AT 20° C. 


Days 

Semes I 

Semes II 

Control 

Experimental 

Control 

Experimental 

1. 

1.62 




2. 

1.12 

1.00 

psvsp 

1.06 

3 . 

0 95 

1.57 

SSI 

I.70 

4 . 

0.88 

1.08 

Sif 

1-74 

5 . 

1.27 

1.36 


I.03 

6. 

1.53 

1.66 


1.39 

7 . 

2.05 

1.70 


1.42 

8. 

1.91 

1.66 


0.29 

9 . 

0.82 

1.33 


2.32 

10. 

1.59 

1.68 

1.09 

1.14 

IE. 

2.16 

1.72 

1.60 

1.21 

12. 

1.88 

1.72 

1.18 

I -13 

13 . 

1.97 

1.7E 

0.97 

0.84 

14 . 

1.98 

i -77 

0.92 

0.99 

is. 

2.03 

1.81 

1-47 

O.91 

16. 

1.45 

1.11 

1.09 

0.84 

17 . 

1-50 

1.30 

0.94 

0-39 

18. 

I S° 

0 - 3 S 

1.56 

0.87 

*9 . 

1.31 

1.31 

0.83 

0.96 

30 .1 

1.51 

1.28 

1.27 

1.22 

21. 

t .88 

1.62 

1.48 

1.48 

22. 

1.77 

1 .55 

1.00 

1.86 

33 . 

1 .75 

1.78 

0.75 

1.61 

34 . 

1.89 

1.81 

0.76 

1.33 

3 S. 

1.97 

1.67 

1.06 

1.56 

26. 

1.94 

1.72 

1 36 

i *43 

37. 

1.97 

1-74 

1.01 

1.52 

28. 

1.80 

1.02 

0.89 

1*45 

3 Q. 

1.88 

1-73 

0.43 

1*73 

30 . 

2.12 

1.87 

0.64 

1.72 

31 . 

1.03 

I.60 

1.12 

1.33 

33 . 

1.88 

i -37 

1.68 

1.69 

33 . 

I.QI 

i-6S 

1.94 

1.71 

4 A. 

0.81 

1 .35 



0* r .* * 



Mean. 

1.66 

1,53 

1.13 

1.27 


Probability, 


f Control versus experimental, Series I, jP— . 0163 
\ Control versus experintental. Series IT, P-«. 1615 


bacteria, if any. Here, as before, the new cultures were seeded from the same type 
culture of the day before. 

Similar results were obtained in a series of cultures using 10 cc. of the standard 
suspension with initial seedings of 160 paramecia each day. In this case, also, the new 
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cultures were seeded from the same type culture of the preceding day. By using this 
larger volume of medium, it was possible to reduce the dilution of the old medium each 
day. Here the amount of old medium saved each day was 9$ cc., while in 5-cc. cultures 
cc. were saved. This difference did not affect the nature of the results which are given 
as Series I in Table 4. 


TABLE 4 


Results with 5- and io-cc. cultures at 20° and 20° C. 


Days 

Skjuzs I 

(10 Cc. AT 26° C.) 

Seiukh II 
(s Cc. AT ao° C.) 

Control 


Control 

Experimental 

E . 

i 57 


1. fO 


2 . 

138 

1 44 

1.07 

O.03 

3 . 

1.9ft 

MS 

1.23 

1.84 

4 . 

2.15 

2 62 

1.07 

1.45 

s. 

2 35 

2.7 2 

1.03 

2-34 

0. 

2.2 9 

2 3c 

i-35 

0.5b 

7 . 

2.30 

2.40 

1 75 

l.6l 

8... .. . 

2.58 

2 

2.01 

2.07 

9 . 

2.51 

2.63 

1.95 

2.19 

10. 

I.Q2 

2.46 

2.29 

2.22 

11. 

2 42 

2.47 

2.21 

1.84 

12 . 

2.24 

2.73 

2.06 

1-73 

13 . 

2.33 

2.56 

1.86 

i.s6 

14 . 

3-03 

2.94 

i-95 

1.81 

IS. 

2.67 

2 60 

1 90 

1.88 

16 . 

2.08 

2.64 

1.99 

1.67 

17 . 

2.59 

2.6c 

1.26 

1.07 

18. 

2.99 

2.40 

1.12 

0.79 

IQ. 

2-77 

2.Q2 

1 .60 

1.42 

20. 

2.6l 

2.67 

r. 70 

1.78 

21. 

2 SO 

2-93 

1.76 

1-73 

22 . 

2.2Q 

2.24 

1.80 

1.49 

23 . 

2.70 

2.84 

2.3O 

Mi 

24 . 

2.62 

2.51 

1.85 

1.83 

25 . 

2.48 

1.75 

1.77 

1.22 

26 . 

2. CM 

2.51 

1.38 

1.41 

27 . 

2.14 

2.12 

i-35 

1.10 

28 . 

2.59 

2.80 

MS 

1 .76 

2 Q . 

2.80 

2.51 

1.83 

i-43 

30 . 

2 .8 q 

2.56 

Mt 

1.30 

31 . 

2.27 

i 34 



Mean . 

2.42 

2.46 

1.69 

M 3 


Probability, 


Control versus experimental, Series T, P- .1166 
Control versus experimental, Scries 11 , P-. [095 


In all the experiments described so far, the new cultures were seeded each day with 
anim al s from the same type of culture of the preceding day. In the experiment reported 
as Series II in Table 4, both experimental and control dishes each day were seeded with 
animal r from the control dish of the day before. The failure to obtain a significant 
difference between the experimentals and controls in this case seems to indicate that the 
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absence of such a difference in the preceding experiments was not due to some ac¬ 
climating process in the organisms growing in the old medium. 

Results comparing division-rates of cultures in X and 2X concentrations of bacteria 
at 26° C. and with all the cultures seeded from the controls of the preceding day are 
given in Table 5. The difference l>etween the experimentals and controls in the aX 
concentrations is not significant. In the case of the X concentrations, the higher fission- 
rate in the controls would ordinarily be taken as significant. A comparison of the two 
control scries shows a significantly higher rate in the 2X concentrations. When the two 
experimental series arc compared, a higher mean fission-rate in the 2 X group is found, 
but the difference is not significant. During two of the last three days of the experiment 
the division-rates in the 2A r group of experimental dishes were very low. The reason for 
this is not known. However, when the 2 experimentals are compared for the first 27 


TABLE 4 TABLE 5 

Con. Exp. Con. Exp. Con. Exp. Con. Exp. 

I I It if 2 X 2X X X 



Fio. 2.—Showing the mean fission-rates given in Tables 4 and 5 

days, the aX group has a higher rate, with a probability of .00x3. Apparently, at 26° C. 
the aX concentrations of bacteria are nearer the optimum than are the X concentrations. 

Most of the earlier work, referred to above, in which the effects of waste products on 
reproduction were described, was carried out using hay tea or some other nutrient fluid 
as the culture medium. It seemed desirable to have a series comparing results obtained 
from hay cultures and the balanced salt cultures. 

The hay medium used in these experiments was made by boiling for 3 or 4 minutes 
25 gm. of Timothy hay in a liter of buffered balanced salt solution. After cooling, the 
medium was passed through a porcelain filter. It was then measured out into test tubes 
and autoclaved. Thus, the hay medium for the whole series was uniform. In other re¬ 
spects the procedure was unchanged. The hay cultures, both fresh and old, were bac- 
terized with t loopful of bacteria each day, just as the control cultures were. 

There is no significant difference between the fission-rates of these three series. In 
general it can be stated that the results in the salt control series varied less than those 
in the two hay series. 

With no definite inhibiting effect of accumulated waste products apparent in the work 
up to this point, there still seemed to be a possibility tbat the small dilution of the old 
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medium each day, owing to the nature of the technique, might waive such effects. Two 
procedures to check this possibility were developed. One was to use the same medium 
over and over in decreasing volumes each day and thus avoid any dilution. The other 
was to use liquid in which large numbers of paramecia had been growing for a long time. 

TABLE 5 

Results with X and 2X concentrations of bacteria 


Days 

2X Concentration 

A* Concentration 

Control 

Experimental 

Control 

Experimental 

1. 

2 62 


2.66 


2. 

2.39 

2 . 3 S 

2.26 

2.22 

3 . 

2.71 

2.7s 

2.09 

1-43 

4 . 

1 68 

1.87 

1.74 

3 .63 

5 . 

2.14 

2.06 

2.24 

2.04 

6. 

2-33 

1.44 

2.56 

1.99 

7 . 

2.88 

3 48 

2.91 

I.QI 

8. 

300 

2.58 

2.19 

1 -57 

9 . 

2.55 

2.56 

2.25 

*■15 

10. 

2 74 

2.75 

2 65 

2.55 

11. 

3.24 

3-29 

3.41 

2,67 

12. 

3.01 

3-27 

2.72 

2.69 

13 . 

2.38 

2.46 

i *93 

1.56 

14 . 

2.47 

2.32 

2.21 

2.40 

15 . 

3.02 

2.87 

a.75 

2.51 

16. 

2.08 

2.04 

2.03 

1.95 

17 . 

2.8s 

2.85 

2.52 

2-53 

18. 

1.96 

2.44 

1.95 

2.16 

19 . 

2.02 

1.90 

2.2S 

2.03 

20. 

2.74 

2.72 

2 39 

2.41 

21. 

2.70 

2.88 

2 99 

2.89 

22. 

2.27 

2.33 

2.39 

2.41 

»3 . 

2 .54 

2.83 

1.76 

2.15 

24. 

2.36 

2.40 

1.49 

1.45 

25 . 

2.38 

2.16 

1.97 

2 .X 3 

26. 

2.89 

2.74 

2.85 

2.67 

27 . 

2.32 

i-S* 

t -73 

2.38 

28. 

2.44 

2.48 

2.62 

2.40 

29. 

2.86 

1.10 

2.49 

2.69 

30 . 

1.71 

0.15 

I .89 

2.02 

. 

2.43 | 

2.24 

2.24 

. 

2.10 

Mean... 

2.50 

! 

2.36 

2.31 

2.16 


Probability, 


2X control versus 2X experimental, P-. 1095 
X control versus X experimental, P» .0278 
2X control versus X control, P® .0026 
2X experimental versus X experimental, P® .1615 


^ The control culture reported in Table 7 was started with 10 cc. of the standard suspen¬ 
sion and seeded with 160 paramecia. The liquid (g£ cc.) from this culture was used as 
the experimental medium on the second day and was seeded with 132 paramecia. The 
control culture of the second day had the same amount of fluid and the same number of 
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organisms. On each succeeding day the volume of the cultures was reduced J cc., and 
the seeding of organisms was 8 less than the preceding day. The volume of the cultures 
on the last day was 2 cc. With the volumes of the cultures and the seedings of animals 


TABLE 6 

Comparing racterized hay medium with salt control at 26° C. 


Salt Control 

Fresh Hay 

Old Hay 

Days 

Salt Control 

Fresh Hay 

Old Hay 

2. IQ 

2.74 


17. 

1.84 

I.42 

I.97 

2.24 

2.2Q 

1.46 

18 . . .. 

1.91 

1.14 

2.05 

2.13 

2-93 

0.66 

19. 

2.90 

1-03 

3.54 

I.Q7 

2.49 

1.28 

20. 

2.77 

1.95 

2.18 

1.79 

2.87 

1.72 

21. 

2.15 

a.39 

1-73 

2. r 6 

2.3s 

2.21 

22. 

2.17 

3.09 

2.66 

2.76 

3.02 

2.85 

23. 

1.88 

2.09 

2.53 

I.Q9 

2.82 

2 56 

24. 

2.51 

0.88 

3-13 

1.81 

I-S6 

2 38 

35. 

2.67 

3-oo 

2.21 

2.51 

3-04 

2.66 , 

26. 

2.38 

3.23 

2.41 

3.34 

2.88 

2 46 

27. 

2.6s 

3.22 

3.01 

i.q8 

2.41 

2.03 

28. 

2.38 

1 44. 

2.57 

233 

2.62 

1.86 

29. 

a .74 

2.03 

3.46 

1.53 

2.77 

3.34 

30. 

2.32 


2-57 

i .84 

1.49 

2.20 





1.62 

2.25 

2.18 

Mean... 

2.21 

2.32 

2.30 


Days 


I, 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 


Probability, 


Fresh hay versus old hay, .5203 
Old hay versus salt control, P« .4237 
Fresh hay versus salt control, P-». 2301 


TABLE 6 
Con. F.H. O.H. 


221 232 230 


TABLE 7 TABLE 8 

Con. Exp. Con. O.M. O.A. 



Fig. 3.—Showing the mean fission-rates given in Tables 6, 7, and 8 


proportional throughout, the fission-rates were quite constant. There was no significant 
difference between the experimentals and the controls for the experiment as a whole. 

In order to have an old medium in which parameda had been growing and living in 
large numbers for a long time for use in these experiments, two i-liter flasks of buffered 
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salt solution were seeded, each with a single Paramecium. One of these liter cultures has 
been inoculated with io heaping loopfuls of P. Jluorescens every day since its beginning. 
The other one has been inoculated with the same amount of bacteria every other day. 
In each case the population gradually increased until a stationary level in numbers was 
reached. In the first case a level of approximately 225 organisms per cubic centimeter 
was reached after 20 days, and has been maintained for over 4 months. In the second 
case a level of approximotely 175 was reached after 29 days, and here also the numbers 
have remained almost constant. A detailed study of these populations will be the subject 
of another paper. 

Five cubic centimeters of medium from one of the liter cultures which had been freed 
of all paramecia were used as the old medium in each of the four series given in the upper 
section of Table 8. A standard loopful of bacteria was used in each culture. The seedings 
of both the control cultures and the old-medium cultures were made from the control 

TABLE 1 


USE OF UNDILUTED OLD MEDIUM AT 26° C. 


Days 

Control 

Experimental 

Days 

Control 

Experimental 

1. 

2 14. 


IO. 


2.58 

2. 

I TK 

1.02 

II. 


2.11 

7 . 

2.27 

2-57 

12... 


*5 



4 . 

2.21 

3.26 

*3 . 


2.13 

s . 

2.31 

2.42 

14 . 

1.93 

2.44 

6 . 

2.25 

2 49 

*5 . 

2.49 

2 .35 

7 . 

2.20 

2.82 

16. 

2.18 

2.06 

8. 

2.13 

2 32 

17. 

2.2$ 

2.22 




9 . 

2.19 

2.32 







Mean. ... 

2.18 

2.36 


Probability: Experimental versus control, P— . 2886 


culture of the preceding day. The old medium varied in age from 29 to 108 days; yet 
there was no significant difference between the controls and the old-medium cultures. 
Quite a different situation existed in the fresh salt-solution cultures seeded with parame¬ 
cia taken from the liter flasks. In all four cases the fission rates were leas than 1.00. 
The results obtained using control animals in the old medium indicated that there was 
nothing in the old fluid which inhibited growth and division. The difference here seems 
to be due to a difference in physiological state between the control animals and those 
in the liter cultures. Actually, the paramecia in the liter cultures were in a state of 
semistarvation. By taking a 5-cc. sample from each of the liter flasks after the daily 
count and feeding, and checking the increase at the end of 18 hours, an indication of the 
normal rate of increase in the flasks was obtained. In the case of the sample taken from 
the liter flask which was fed daily, the increase after 18 hours was 0.22. In the other 
sample from the flask which was fed every other day, the rate of increase after 18 hours 
was 0.32. The 5-cc. control cultures were fed 1 loopful of bacteria daily. The 1,000-cc. 
cultures were fed xo loopfuls of bacteria either daily or every other day. The results 
given in the lower section of Table 8 show that the division-rates of the paramecia taken 
from the liter cultures had not been permanently lowered. In one case, Series II, the 
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cultures were continued for 5 days with the medium changed daily. On both the fourth 
and filth days the liter-animal cultures were about equal to the controls. In another case, 
Series III, after the first day the liter animals were placed in 5 cc. of medium taken from 
the liter flasks, and this was used over again on the succeeding days. Here, also, the 
fission rates of the experimentals came up to that of the controls. These results seem to 
indicate that a period of acclimation is necessary after Paramecium has been in a state 
of semistarvation for a long period of time. 


TABLE 8 

Use of old medium from i-liter cultures at z6 ° C. 


Scries 

Age in 

Days 

Control 

Control Ani¬ 
mals in 

Old Medium 

Animals from 
Old Cultures in 
Fresh Salt 

I. 

29 

2.52 

2 52 

°-SS 

II. 

43 

3 -54 

2.49 

0.59 

Ill. 

49 

2.48 

3 - 3 S 

o.8q 

IV. 

108 

2.24 

2.86 

0.8S 

Mean. 


2.44 

2 -55 

0.72 


Probability 


Control versus control animals in old medium, P—. 5740 
Control versus animals from old culture, .0000 


Days 

From Sums II 
(Medium Changed Daily) 

From Series III 
(Ou> Medium Used Over) 

Control 

Experimental 

Control 

Experimental 


2 -54 

0 .S 9 

2.48 

0.89 

2. 

2.64 

0.52 

2.50 

1.12 

3 . 

2.05 

1.79 

2.41 

a.10 

4 . 

2.90 

2.61 

2.01 

2.16 

s. 

J. S 8 

3-57 

2.09 

2.13 


To obtain bactcria-conditioned medium, a normal loopful of bacteria was added to a 
dish containing 5 cc. of the salt solution for a number of days. This medium was then 
used for culturing Paramecium. Table 9 shows the results obtained using such condi¬ 
tioned medium of different ages. All the bacteria-conditioncd medium used inhibited 
growth of the parameda, the older the medium the greater the inhibition. In most of the 
30-day cultures some of the parameda died. Both the filtering through a porcelain filter 
and the autoclaving of this medium improved it some, but even then it was quite inferior 
to the normal salt solution. Filtering showed that this depressing effect was not entirely 
due to bacterial crowding of the parameda. 

Bacterial counts on control cultures at the end of the 24-hour period showed that the 
original density had been reduced to from 2 to 16 per cent of the original density in 
different counts made. Thus, most of the bacteria were being used up each day. Under 
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such conditions, and with some of the remaining bacteria removed in the centrifuging, 
the old culture me dium which was used over and over would not accumulate excess 
bacteria rapidly. It seems probable, both from the appearances of the cultures and from 
the amount of bacteria inoculated for the number of organisms, that the old medium 
used from the liter cultures was relatively free from bacteria at the Lime it was removed. 

TABLE 9 


Use of bacteria-conditioned medium 


Length of Conditioning 
(Days) 

Conditioned 

Control 

TC. 

1.47 

2.69 



0.77 

0.14 

2.32 

2.59 




( £ 7 )* 

Ml 

mil* 

far 

0.14 

1.21 

O.Q 9 

1.42 

2 47 

2.24 

2 5ft 

2.01 

232 

2-35 

2,20 

2.0Q 

70 . . . . ... . 

70 . ... . 

3O. . 

30 fliay).... . 

30 (filtered). 

30 (autoclaved). 

30 (t cc.-|-4 cc. of salt solution). 



‘ The actual numbers of paramecia are given in parentheses. 


TABLE 10 


Summarizing table 


Table No. 

Mean Division-Rate8 

Table No. 

Mean Dmbiun-Ratks 

Control 

Experi¬ 

mental 

Control 

Experi¬ 

mental 


1 . 81 
1.66 
1*13 
2.42 
1.69 

1.66 

I.S2 

1.27 

2.46 

1 *53 

V(j.V). 

MEM 

2.30 

2. r(> 
2.30 
2.26 


vm . 

mm % 

VI. 


VII. 



mm 


Probability: Control versus experimental, P~ .3944 


DISCUSSION 

The results described above are not in agreement with the results obtained by most 
of the earlier workers on protozoan populations concerning the effects of waste products 
on reproduction. They are, however, essentially like the recent results of Phelps (1936) 
and of Taylor and Strickland (1938). In only two of the nine paired series reported were 
the control fission-rates significantly higher than the experimental ones. A comparison 
of the mean division-rates of the experiments as a whole is given in Table 10. The 
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P-value given here indicates no significant difference in division-rate between the cul¬ 
tures grown in fresh medium and those grown in old medium for the experiments as a 
whole. 

The investigators who reported an inhibiting effect of waste products on reproduction 
in from 24 to 48 hours used hay tea or some other nutrient medium with unknown mixed 
bacteria as the source of food. In these experiments when hay medium was used over 
and over again for cultures but with a fresh supply of a known kind of bacterium added 
each day, reproduction comparable to the daily fresh controls was obtained. In view of 
these findings it seems probable that workers who described effects of waste products in 
from 24 to 48 hours were dealing with a situation in which the protozoans had utilized 
most of the bacteria suitable as food for them in that period of time and thus exhibited a 
declining fission-rate because of the lack of food. The fact that at the end of a 48-hour 
period numerous bacteria are present in a protozoan culture, when the kinds of bacteria 
present are unknown, is no proof that those bacteria are suitable as food for the par¬ 
ticular protozoan being cultured. 

The ideas suggested by Phelps (1936) should not be ignored. It has been shown here 
that medium conditioned with a single kind of bacteria for a number of days does inhibit 
reproduction of Paramecium . His suggestion, that the inhibiting effects described by 
several investigators might have been due to the accumulated wastes of the mixed 
bacteria in the cultures, should be tested with actual experiments. It would appear, from 
this work, that such effects would not be noticeable in such short periods of time. His 
second suggestion, that with different sources of food the same protozoan might produce 
entirely different waste products, also needs testing. 

The results of Dimitrowa (1932) might be explained by the hypothesis that die 
changed the bacterial flora significantly when she added small amounts of old culture 
liquid to new medium. 

The conclusion reached here, that, with the culture conditions used, the accumulated 
waste products in old culture medium did not significantly lower the reproductive rate 
of Paramecium , does not preclude entirely such effects under other conditions or for 
criteria other than reproduction-rate. Such questions as “Are the waste products of such 
cultures, in the main, volatile substances which readily escape from the medium?” 
“Are these waste substances very unstable materials which are changed by the as¬ 
sociated organisms in the culture and thus rendered unharmful?” and “Are the waste 
products adsorbed by the dead organisms or secretions of the organisms in the culture 
and thus made ineffective?” arc suggested; but they cannot be answered here. 

The changes in the H-ion concentration of all of the cultures studied were slight and 
consistent. The medium tested after 24 hours, old medium tested after 30 days of use, 
old medium taken from the liter cultures, and 30-day-old bacteria-conditioned medium 
tested pH 7.2 in all cases. 

As was to be expected, cultures grown at 26° C. had a consistently higher fission-rate 
than those grown at 20° C. 

SUMMARY 

1. For the conditions described, there was no significant inhibiting effect on the 
reproductive rates of P. muliimicronucleata grown in old culture medium with the waste 
products supposedly accumulating. 

2. Similar results were obtained both in the use of bacterized balanced salt medium 
and in bacterized hay medium. 
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3. The seeding of the old-medium cultures with organisms from the preceding day’s 
old-medium culture over and over gave results which were very comparable to those 
obtained in old-medium cultures which were seeded each day from control cultures 
started the preceding day. 

4. Paramecia which have lived in a condition of semistarvation for a period of time 
and which have been reproducing with a very low division-rate will, when placed in 
medium containing adequate food, resume a normal rate of division after a period of 
2 or 3 days. 

5. Medium conditioned with the bacterium P. fluorescent for 15-30 days when used 
for the culture of Paramecium definitely inhibits reproduction. 

6. Changes in H-ion concentration in all of the cultures were slight and consistent. 

7. Higher fission-rates were obtained at 26° C. than at 20° C., and 2X concentration 
of bacteria was nearer the optimum at 26° C. than X concentration. 
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STUDIES ON THE PHYSIOLOGY OF AMOEBA. II. THE 
ALLELOCATALYTIC EFFECT IN AMOEBA 
CULTURES FREE OF BACTERIA 

(Foui figures) 

EARL KETCH 

Department of Zodlogy, Hebrew University, Jerusalem 

S INCE the phenomenon of allelocatalysis was first described by Robertson (1921), 

, it has been intensely discussed in the protozoological literature; however, no 
definite conclusion has been reached in this discussion. As the earlier results were 
dealt with in detail by Allee (1931), Beers (1933), and Johnson (1933), I may confine 
myself to giving a brief summary, which is necessary for clearing up the present state 
of the problem. The earlier publications on allelocatalysis may be classed under three 
headings. The first confirms the phenomenon of allelocatalysis. Besides Robertson’s 
work on Enchelys farcimen (1921), Colpoda sp. (1924 a, b), and the long series of his 
publications dating up to 1927, this group comprises only Yocom’s paper on Oxytricha 
(1927) and Petersen’s on Paramaeciutn caudatum (1929). Petersen’s results deserve our 
special attention, as she demonstrated the importance of the relation between the 
volume of the animals and that of the medium. Her results, while negative for cultures 
in 1 drop of nutrient solution, were positive in media of 20-40 drops. 

The second group, including the work with negative result, is far larger. Cutler and 
Crump (1923) showed that in Colpidium colpoda the division rate of cultures with a 
larger initial number of individuals does not exceed that of cultures with smaller initial 
numbers. In 1925 (in answer to the objections of Robertson [1924]), they confirmed 
their result for well-washed infusoria. Greenleaf (1926) investigated P. aurdia, P. 
caudatum, Pleurolricha lanceolatim , and Stylonyckia pusttdata and arrived at negative 
conclusions in all cases. Similarly, negative results were obtained by Calkins (1926, 
p. 206), for Urolcptus mbilis, by Myers (1927) for P. caudatum, Grimwald (1928) for 
C. colpoda, and Jahn (1929) for Ruglena. Among the more recent investigators, Beers 
(1933) also arrived at negative results for Didynium nasutum and S. pustulata. In order 
to prevent any possible modification of the result by bacteria, he employed inorganic 
solutions as media, and in one case Paramaeciutn, in another CUamydomonas, as food. 
However, he did not take into account that the allelocatalytic' effect is not species- 
specific (according to Petersen, 1929) and that, consequently, the presence of a rela¬ 
tively large numl>er of food animals in these cultures was bound to preclude the detec¬ 
tion of allelocatalysis. Lastly, Phelps (1935), investigating mass cultures of Glaucoma 
pyrifomis, free of bacteria, concluded that “experiments on Glaucoma do not support 
the theory of allelocatalysis.” 

This summary of negative results does not deal with the frequently quoted experi¬ 
ments of Peskett (1924,1923), as these were carried out on yeast, an object possessed 
of many biological peculiarities rendering the interpretation of the results extremely 
difficult. 

The third group includes publications that confirm the increased division rate in 
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cultures with larger inoculum but try to account for this phenomenon by changes in the 
medium. The first to be mentioned here are the papers adducing the bacteria as the 
factor determining the observed variations, i.e., those of Cutler and Crump (1924) on 
C. col pod a, that of Chejfec (1929) on P. caiidatum and of Johnson (1933) on Oxytriclia 
fallax and 1936 on P. caudatum . They showed to what extent the growth ot the cultures 
is influenced by the bacteria, and concluded that the phenomenon termed “alleloca- 
lalysis” is an effect of the variations in the number of bacteria. On the othei hand, a 
theory put forward by Darby (1930) assumes that the ciliatcs modify the pll of their 
nutrient medium in optimum direction, thus producing a more favorable reaction in 
the presence of a higher number of animals per volume. 

Briefly summarizing the literature, we must admit that in most cases an allelocatalytic 
effect was not proved at all, and that such few results as were positive could be explained 
by accessory circumstances involved by the conduction of the experiment, without 
necessitating the assumption of an allelocatalytic theory. 

When I decided, despite these facts, to undertake the experiments to be described, I 
was determined by the following reasons. Anyone working on protozoan cultures may 
easily experience that the success of the culture is, to a high degree, dependent on the 
size of the inoculum. Cultures with a large amount of initial material will succeed more 
readily than those with a smaller amount. The latter will frequently grow scantily 
in the beginning and, after a more or less prolonged interval, start accelerated growth, 
with a jerk. Similar phenomena may be observed in cultures of algae or bacteria. 
Lastly, the conditions in tissue cultures, as described by Fischer (1933), should be 
mentioned. 

Moreover, as the material at my disposal allowed of mass culturing, a technique that 
has been employed in only few allelocatalytic experiments up to the present, I felt that 
it was worth while, despite the numerous negative results, to investigate the problem 
once more. 

MA 1 ERIVL AND METHODS 

All experiments were performed on cultures of Mayorella paledincmis, a soil amoeba, 
the cultivation of which is described in a previous paper (Reich, 193s). Great care was 
exercised to eliminate all disturbing accessories. The scries of cultures to be compared 
were all inoculated into the same nutrient solution, using the same mother culture. 
The test tubes used in corresponding experiments were all of the same glass (in one 
part of the experiments, Jena glass; in another part, Pyrex). The diameters were as 
nearly equal as possible, so as to avoid the disturbing influence of different heights of 
liquid columns. The tubes were filled with 4.5 cc. of nutrient solution and sterilized 
in the autoclave. Well-growing young amoeba cultures were cenlrifugcd, washed four 
times with a 0,1 per cent solution of NaCl, and diluted with the same solution to the 
requisite concentrations of amoebae. Of the suspension thus prepared, 0.5 cc. per cul¬ 
ture were inoculated. Before taking out a sample, part of the liquid was sucked up into 
the pipette and then powerfully evacuated. This process was repeated several times so 
as to insure that the amoebae were distributed as uniformly as possible. The eddies 
thus produced were sufficient to keep afloat such small-sized animals as the amoebae. 
In view of the s m a lln ess of the animals and of the necessity to work under sterile con¬ 
ditions, direct counting of the amoebae had to be dispensed with. Table 1 gives a survey 
of the result of counting an amoeba suspension and the five cultures inoc ula ted with 
it. Counting was performed in the Thoma blood-counting chamber. After thoroughly 
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sh akin g the cultures, io drops of each were counted. As five cultures were made for 
every grade of dilution, the figures in the tables represent eleven average values of 50 
counts and refer to 0.1 cu. mm. of nutrient solution. 


TABLE 1 

Tin, RLSULT or COUNTS IN NUMBER OF ANIMALS IN A SUSPENSION OF 
AMOEBAE AND IN THE CULTURES MADE UP FROM IT 



In the experiments with extracts, only 4 cc. of nutrient solution were used and 0.5 cc. 
of the extract or, in the controls, 0.5 cc. of the extracting liquid were added. The pH 
of the cultures was registered before and after inoculation and was found to be unaf¬ 
fected. All cultures were kept in a thermostat at 28° C. In view of the slow growth of 
the cultures it was found sufficient to count them after every 48 hours. Where cysts 
occurred, counting was given up, as such cultures will not yield any comparable values. 

DEVELOPMENT OF THE CULTURES 

In order to survey the development of any normal culture, we choose a random ex¬ 
ample, as represented in Table 2 and Figure 1. Considering first of all the increase in 

TABLE 2 

TlIE DEVELOPMENT OF A NORMAL CULTURE 


NuKBLR OI Dws OI CtTLlUWNO 



0 

a 


b 

8 

xo 

xa 


16 

18 

ao 

Number of amoebae 

1 0 

1 4 

3 9 

7 3 

9 O 

14 

19 

21 

26 

wm 

29 

Rale of divibion per 48 hour* 


0 $ 

x S 

0 9 

O 3 

0 7 

0 4 

0 1 

0 3 


0 2 

Total number of steps of division 


0 S 

2 0 

2 9 

3 a 

3 9 

4 3 

4 4 

4 7 

B 

4 9 


amoeba number, we find that within the first 48 hours after inoculation there is but a 
slow rise. This is followed by a short period of relatively rapid growth, which gradually 
passes over into a phase of ever decreasing rate of multiplication. This outline corre¬ 
sponds to the scheme of growth described by Phelps (1935), except that the final sta¬ 
tionary phase is not represented in my example. It was omitted since it sets in simul- 
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taneously with the formation of cysts. During the prolonged subsequent period the 
number of amoebae fluctuates faintly about a constant value, whereas the number of 
cysts rises continuously. It is, of course, hard to decide whether the cysts are to be 
entirely neglected in the definite figuring of the population maximum or to be taken 
into account, and if so, in what form. This question, being unessential for the problem 
of allelocatalysis itself, has been left open, and the counts were stopped at the appear¬ 
ance of cysts. 



Fig. i. Development of an amoeba culture. The number of amoebae, •-#; the rate of division 

in each period of 48 hourB, A*-—A; the sum of steps of division since the beginning of the culture, 


The development of the same culture may be represented in another way. If the 
rate of division for each particular period of 48 hours is worked out, it is seen that to 
the slow initial increase in cell number there corresponds a low rate of division, which 
subsequently rises steeply and then, slowly and gradually, declines. If the total number 
of steps of division since the be gi n ning of the culture after every 48 hours is worked out 
and plotted, the curve obtained rises steeply in the beginning and then more and more 
approaches the horizontal 

After considering which of these modes of representation would be best suited to 
reveal the presence or absence of allelocatalysis, we selected the last mentioned method. 
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This offers the advantages, first, of automatically eliminating accidental fluctuations 
of the individual counts, and, second, of yielding relative values, which are, in the be¬ 
ginning of the curve, independent of the absolute number of amoebae present in the 
culture. In the absence of allelocatalysis the initial parts of the curves of one experiment 
will be identical, unaffected by the absolute number of individuals inoculated in the 
different series of cultures. On the other hand, if allelocatalysis is at work, this part 
of the curve will be the less steep, the smaller the inoculum employed. The end of the 
curve is dependent on the number of amoebae in both cases and will be the more nearly 
level the more nearly a maximum population density will be approached. 

EXPERIMENTS ON AIXELOCATA 1 YSIS ■ 

The first experiment was conducted in three series (a, b, c,) each of which comprised 
five test tubes. The results are shown in Table 3 and Figure 2. The series a started off 


TABLE 3 

The development of the three series (a, b, and c) of experiment No. i 


Days oi 
Culturing 

Number or 

Amoebae 

Rais or Divibion 
per 48 Hours 

Total op Steps 
op Division 

a 

b 

c 

a 

b 

c 

a 

b 

c 

0. 

x .0 

0.7 

0.3 







2. 

1.4 

1.0 

0.4 

0.5 

o.S 

0.4 

0-5 

0.5 

0.4 

4 . 

3-9 

1.7 

0-3 

1.5 

0.8 


2.0 

1-3 

0.4 

6. 

73 

4.3 

o -5 

0.9 

1.2 

0.4 

2.9 

2.6 

0.8 

8. 

9.0 

5-3 

0.8 

0-3 

0.3 

0.6 

33 

2.9 

1.4 

10. 

14 

10 

1.7 

0.7 

1.0 

1.0 

39 

39 

2.4 

12. 

19 

14 

2.9 

0.4 

0.5 

0.8 

4.3 

4-4 

3 -a 

*4 . 

21 

18 

5.6 

0.1 

0.4 

0.9 

4-4 

47 

4.2 

16. 

26 

20 

8.2 

0.3 

0.1 

0.5 

4-7 

4.8 

4.7 

18. 

26 

26 

11 

0.0 

0.4 

0.5 

4.7 

5-2 

5-2 


with a concentration of 1 amoeba per 0.1 cu. mm. of nutrient solution. In the first 48 
hours the division rate amounted to 0.5; later it rose to a maximum of 1.5, and then de¬ 
creased slowly and gradually. The maximum population density attained on the 
eighteenth day of culturing came to 26 amoebae per 0.1 cu. mm. of solution. Series b 
began with 0.7 amoebae per 0.1 cu. mm. of solution. The rate of division lagged at first 
somewhat behind that of series a, but then rose quickly so as to reach the total number 
gf Bteps of series a on the tenth day. The experiment was interrupted on the eighteenth 
day of culturing, when the numbers of amoebae in the two series were equal. But as 
the initial number of series a exceeded that of series b, the total number of steps of 
divirion in the latter was higher (5.2) than in the former (4.7). The third series started 
with a concentration of 0.3 amoebae per 0.1 cu. mm. The rate of division was very low 
in the beginning, and more vigorous multiplication did not set in before the tenth day. 
The experiment was broken off before this series had attained its maximum density. 

In the second experiment (Table 4 and Fig. 3) the initial concentrations were 0.6, 
0.2, and 0.04 amoebae per 0.1 cu. mm. in series a, b, and c, respectively. The develop¬ 
ment of the cultures resembled that of experiment No. 1. The rate of division in series 0 
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was highest at the very beginning and afterward fell off gradually; in series b the curve 
was distinctly less steep in the beginning, and the rate of division reached its maximum 



2 4 6 8 10 12 14 16 18 

Days of culture 

Fro. 2.—The sum of steps of division in the three series of experiment No. i. Initial populations, 

given as number of amoebae per o.i cu. mm. of medium, as follows: scries a, •-•, i.o; scries ft, 

O-0,0.7; scries c , A.A, 0.3. 

TABLE 4 

The development of the three series (a, ft, and c) of experiment No. 2 
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not before the tenth day; while in series c the curve was almost level in the beginning, 
and a more intensive and regular multiplication set in only about the twentieth day. 

Experiment No. 3 (Table 5 and Fig. 4) was performed in two series with initial con¬ 
centrations of 0.4 amoebae in series a and 0.04 in series b. The results again show, in 
series a maximum multiplication in the first days and slow decrease during the subse- 



Fkj. 3 .—The sum of steps of division in the three series of experiment No. a. Initial populations, given 

as number of amoclxie per 0.1 cu. mm. of medium, as follows: scries a, •-#, 0 . 6 ; scries b , 0 -O, 

0 . 2 ; series c, A.A, 0 . 04 . 


quent period, whereas in series b intense multiplication starts only toward the end of 
the time of the experiment. 

A fourth experiment with the same concentrations offered a similar aspect, although 
the rate of division rose somewhat earlier in series i, so as to attain its maximum already 
between the sixteenth and eighteenth days. 

Surveying the total result of all the four experiments, we must state the fact that 
in all cases the series with lower initial concentrations of amoebae showed a much smaller 
initial rate of division than the cultures with higher initial concentrations under identical 
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TABLE 5 

The development of the two series (a and b) of experiment No. 3 


Days of 
Cultusing 

Number op 
Amoebae 

Rats of Division 
per 48 Hours 

Total of Stkps 
of Division 

a 

b 

a 

b 

a 

b 

a ... 

0.4 

0.04 





<2 

r. 7 

0.00 

2.1 


2 .1 


4 . 

4.6 

0.16 

1.4 

2.0 

3-5 

2 ,0 

6. . 

8.1 

0.16 

0.8 

0.0 

4-3 

2.0 

8. 

14 

0.16 

0.9 

0.0 

5-2 

2 0 

10. 

16 

O.24 

0.1 

0.6 

5-3 

2.6 

12 . 


0.4 


0 7 


%. % 

14 . 


0 56 


°-S 


3 B 

16. 


0.96 


0.7 


4.5 

18. 


T.2 


0.3 


4-9 

20. 


1 .7 


0.5 


5-4 






22. 


2 .O 


0.2 



24. 


3-3 

;. 

0.7 


J • 

6.3 






26. 


9.0 


i.S 


7.8 







JFig. 4*—The sum of steps of division in the two series of experiment No. 3* Initial populations, given. 

as number of amoebae per 0.1 cu. m of medium, as follows: scries a, # % , 04; series b, O-—0 > 

0.04. 
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conditions. While in the highest concentrations the maximum rate of division was at¬ 
tained immediately or soon after inoculation, decreasing slowly with rising concentra¬ 
tions, the series with scanty initial populations showed a small rate of division in the 
beginning, which increased as the population grew denser, and fell off after a certain 
maximum density was reached. This phenomenon became fully manifest in those cul¬ 
tures that started off with a population below 0.3 amoebae per 0.1 cu. mm. medium. 
This behavior confirms the fundamental assumption of the aUelocatalytic theory, i.e., 
that living cells exercise a mutual influence on their multiplicative activity, causing it 
to rise with increasing population density up to a certain point, after which it remains 
independent of population number for a time, until it falls off when the optimum den¬ 
sity has been exceeded. 


EXPERIMENTS WITH VARIOUS EXTRACTS 

Robertson’s explanation for the aUelocatalytic phenomenon refers it to the action 
of certain substances diffusing from the nuclei into the surrounding medium. If this 
is correct, it must be possible to increase the division rate by using nutrient solutions 
in which amoebae have previously multiplied. This assumption was to be checked by 
a large series of experiments. 

The first experiment was carried out with solutions in which amoebae had been kept 
for various lengths of time. The solutions were prepared by inoculating test tubes, 
counting daily, and centrifuging when the requisite density of amoebae was reached. 
The nutrient solution in the control tubes had undergone similar treatment, except 
that, in place of inoculating by amoeba suspension, it was diluted with NaCl solution. 
Measured quantities of the supernatant nutrient solution were pipetted off and dis¬ 
tributed into sterile test tubes. All tubes were then inoculated with the same culture. 
This experiment included seven series, in which the nutrient solutions had been centri¬ 
fuged off at various amoeba densities from 0.9 to 13 individuals per 0.1 cu. mm. solution. 
The cultures in whose medium amoebae had previously grown did not differ in any ap¬ 
preciable manner from the controls. 

In the next experiment four series of tubes were inoculated with different amoeba 
concentrations so as to produce initial densities of 1.3, 0.4, 0.08, and 0.04 amoebae per 
0.1 cu. mm. (0.0 amoebae in the controls). After 24 hours all cultures were centrifuged, 
the supernatant solutions of each series were separately collected, and measured volumes 
were transferred to sterile test tubes. Subsequently, the tubes of all series were inocu¬ 
lated with one amoeba culture. As in the previous instance, the new cultures did not 
exhibit any effect of the former existence of amoebae in the medium. 

In view of all those negative results it remained to be seen if the hypothetically 
active substance might be extracted from the animals themselves. Ten young cultures 
were centrifuged, and the sediment was then left for 3 hours in 10 cc. of NaCl solution. 
This extract was added to the nutrient solution and did not prove more effective than 
the control NaCl solution. 

Since with plant auxines chloroform extraction yields particularly good results, this 
method was also tested. The liquid of fifty cultures was centrifuged off, and 5 cc. of 
chloroform were added to the sediment, After 48 hours the chloroform was pipetted 
off and passed through sterile filter paper. By allowing the filtrate to evaporate at room 
temperature, a solid residue was obtained, which was taken up in 5 cc, of nutrient solu¬ 
tion. Of the extract thus prepared, 0.5 cc. was added to every 4 cc. of nutrient solution. 
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There were two series of controls, (i) The centrifuged liquid medium of twenty-five 
cultures was shak en up with 5 cc. of chloroform, and the chloroform pij)ettcd off after 
48 hours and further treated as above described. (2) Five cubic centimeters of chloro¬ 
form were filtered and evaporated, and the residue was treated as in the experiment. 
The cultures developed equally well in all three series without exhibiting the least effect 
of the extract. 

Lastly, an extract was prepared by centrifuging 100-150 cultures, drying the washed 
amoeba sediment over CaCl, at room temperature in an desiccator, and extracting with 
o.x per cent NaCl solution for 48 hours. At first these experiments, too, failed to pro¬ 
duce any result. However, in the second part of this experiment the nutrient solution 
employed had been previously autoclaved four times over. Such a solution considerably 
prolongs the period of inhibited division at the beginning of each culture. Therefore, it 
was hoped that in such a culture the stimulation of division, if at all existent, should 
become most clearly manifest. In fact, in two out of seven cultures a marked positive 
divergence from the controls without extract was observed. However remarkable this 
effect may be, no conclusive value can be attributed to it. But it may be possible, by 
the same method with improved technique, to achieve a ]x>sitive result with certainty 
in all cases. 


DISCUSSION 

Surveying the state of the problem once more, we must emphasize, first of all, that 
cultures containing bacteria will hardly yield conclusive results. The papers quoted 
above show clearly how the multiplication of the Protozoa in cultures is largely de¬ 
pendent on the bacteria present. Even in those cases where the numbers of bacteria 
were determined, their possible influence on the Protozoa remained undefined. If it 
be assumed that the allelocatalytic effect is due to substances given off by the living 
cell, the bacteria present may act in two possible ways: cither they may give off a 
similar substance themselves, thus masking the effect of variation in protozoan densi¬ 
ties, or, on the other hand, they may destroy the substance. In both cases the effect 
of the allelocatalytic agent will not be demonstrated by the experiment. A similar 
argument would hold if the effect should be due to rays (like the mitogenetic rays) in¬ 
stead of chemical substances. We should consider, moreover, that experiments with 
cultures containing bacteria arc not to be reproduced without the utmost difficulty and, 
last but not least, that an exact analysis of the metabolism of the Protozoa which might 
enable an insight into the phenomenon is hardly jxissible in such cultures. Petersen 
(1929) and Johnson (1933) showed that the results vary according to whether small 
quantities (2 drops) or large volumes (20-40 drops) of nutrient solution are used. It 
must again be stressed, in this connection, that in the present experiments with M. 
palestinensis, hardly 17 fi in size, the allelocatalytic effect did not appear before there 
were more than 0.3 cu. mm. medium per individual. We must conclude that in a large 
percentage of the experiments the volumes of medium used were too small in relation 
to the volume of the animals present. Furthermore, the use of smallest quantities of 
nutrient solution involves a number of other sources of error, such as, variability in the 
pH, change in salt concentrations due to evaporation, and, particularly, accumulation 
of metabolic products, perhaps combined with scarcity of food. 

We are thus left with only the experiments of Phelps (1935), who worked on mass 
cultures free of bacteria but whose results are directly opposed to mine. I could not 
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delect the cause of this contradiction in his conduction of the experiments, though possi¬ 
bly the yeast extracts employed may have introduced allelocatalytically active sub¬ 
stances into the medium, or the high rate of division of Glaucoma may have rapidly 
obliterated the differences existing in the initial stages, so that they did not find expres¬ 
sion in the results. 

Although my experiments confirm the allelocatalytic effect as such, they do not con¬ 
tribute to the explanation of the phenomenon. Robertson’s hypothesis of discharge of 
allelocatalytically active substances from the cell during division could only be es¬ 
tablished if such substances were to be actually detected in old nutrient media or in 
cell extracts. Before this is achieved, the theory cannot claim higher probability than 
any other possible explanation. Of these, the mitogenetic radiation may be specially 
mentioned. As far as known to me, it has not been investigated in this connection, 
though it is not out of question as a possible cause of the described phenomena. 

SUMMARY 

The problem of allelocatalysis was investigated in mass cultures of MayoreUa pales - 
tinensis , free of bacteria; and the following results were obtained: 

1. The cultures whose initial population was less than 0.3 amoebae per 0.1 cu. mm. 
of solution showed a distinctly lower rate of division in the first days than the controls 
with higher initial populations. With increasing density of population, the rate of 
division in the less densely populated cultures increases, and the maximum population 
eventually attained is largely independent of the quantity of inoculum. 

2. Neither nutrient solutions in which amoebae had been cultured for various lengths 
of time nor amoeba extracts succeeded in producing any marked increase in division 
rate. 

These results, though confirming the fact of allelocatalysis, cannot afford a support 
to Robertson’s explanation of this phenomenon. 
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INTRODUCTION 


W OODRUFF (1911,1913) concludes that Paramecium aurelia, P. caudatum, 
Stylonychia postulate and Pleurotricha lam eolata excrete substances which 
retard growth. 

Robertson (1922,1923,1924) maintains that Enchely \ farcimcn and an “infusorian,” 
probably Colpidium colpoda, produce substances which accelerate growth. Cutler and 
Crump (1923,1924,1925) repeated Robertson’s experiment with C. <olpoda but found no 
evidence in support of his contention, nor did ihe following investigators in similar 
experiments on various unicellular organisms: Peskett (yeast, 1924, 1925); Greenleaf 
(P. caudatum, P. aurelia, Pleurotricha lanceolata, and Stylonychia pmtulata, 1924,1926); 
Calkins ( Uroleptus mobtiis, 1926); Myers ( Paramecium caudatum, 1927); Grimwald 
(Colpidium colpoda, 1928); Chejfec (Paramecium caudatum, 1929); Jahn (Euglena, 1929); 
Darby (Paramecium caudatum, Paramecium aurelia, and Stylonychia pnstulata, 1930); 
Di Tomo (Paramecium caudatum, 1932); Beers (Didinium nasutum and Stylonychia pus- 
tulata, 1933); Johnson (Oxytricha sp., 1933); Phelps (Glaucoma pyrijormis, 1935, 1936). 

However, Yocom (1928) in observations on Oxytricha sp. and Petersen (1929) and 
Dimitrowa (1932) in observations on P. caudatum, obtained results which seem to sup¬ 
port Robertson’s contention. 

Chejfec (1929) in accurately controlled experiments demonstrated that the rate of 
growth in P. caudatum is closely correlated with the concentration and the availability 
of bacteria in the culture medium; and he concluded that the increase in rate of growth 
observed by Robertson, Yocom, Petersen and Dimitrowa was probably due to increase 
in the concentration and the availability of the bacteria in the culture medium, not to 
growth-promoting substance produced by the protozoa in it. Johnson (1933) and Phelps 
(1935, 1936) on the basis of results obtained in extensive well-planned observations on 
Oxytricha sp. and Glaucoma pyrijormis, came to essentially the same conclusion. 

It is consequently obvious that the evidence in support of Robertson’s contention, 
namely, that protozoa produce a growth-promoting substance, is very much less exten¬ 
sive than that in opposition to it, and that, to obtain worth-while results concerning this 
contention, variation in the quality, the quantify and the availability of food, as well as 
variation in other environmental factors, must be accurately controlled. 

We have done this in the experiments on Chilomonas paramecium considered in Ihe 
following pages. This organism grows well in sterile solutions which contain only rela¬ 
tively simple chemicals in known concentrations. It is therefore well suited for experi¬ 
ments concerning the problem under consideration. 


MATERIAL AND METHODS 

The chilomonads used in these experiments were obtained from a culture which had 
been grown in our laboratory for nearly six years in a sterile solution consisting of 
NaCjHjO,, 150 mg; NH 4 C 1 , 46 mg; (NH 4 )»S 0 4 ,10 mg; KjHP 0 4 , 20 mg; CaCh, 1 mg; 
MgCla, x mg; and H, 0 , 100 cc, with slight modifications (Mast and Pace, 1933, 1935, 
1937; Mast, Pace, and Mast, 1936).* This solution will be referred to as the acetate- 
ammonium culture fluid. The salts in it were Kahlbaum’s purest and the water was 
triple (pyrex glass) distilled (Mast, 1928). Several different methods were used. These 

1 We found that mass cultures in this solution at room temperature die out in 6-10 days but that if 
some are transferred to fresh culture fluid every second or third day, they live indefinitely* 
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will be described in detail in the different sections in the following pages. The cultures 
were sterile thruout in all, and pyrex glass was used thruout in all, in accord with earlier 
work (Mast and Pace, 1933, p. 328). J 

RELATION BETWEEN THE NUMBER OF dULOMONADS IN A GIVEN QUANTITY 
OF CULTURE FLUID AND THE RATE OF REPRODUCTION 

About 50 chilomonads, taken from a vigorous culture growing in sterile acetate- 
ammonium culture fluid, were put into 0.4 cc fresh sterile culture fluid in a depression on 
a slide and left 2 or 3 days. Numerous specimens were taken from this culture and 
passed successively thru 0.4 cc fresh sterile culture fluid in each of 4 depressions. Then 
0.4 cc fresh sterile culture fluid was put into each of 16 depressions on sterile slides in 
petri dishes, and one of the prepared chilomonads into each of 4 of the depressions, 5 
into each of 4, 25 into each of 4, and 50 into each of 4, after which all the slides were put 
into a water-bath at 24.4 ± 0.2 0 C. and left 24 hours. Then the chilomonads in each of 
the depressions were counted and the number recorded. This whole process was repeated 
eight times. The results obtained are presented in table 1. 

This table shows that there were produced in 24 hours, for each chilomonad intro¬ 
duced, an average of 8.75 chilomonads in the depressions which had received 1 chilo¬ 
monad, 10.50 in those which had received 5 chilomonads, 12.42 in those which had re¬ 
ceived 25 chilomonads, and 13.78 in those which had received 50 chilomonads. That is 
that an increase from one chilomonad to 50 in 0.4 cc culture fluid resulted in an increase 
in the rate of reproduction of 50.6 percent. 

This seems to prove conclusively that, within certain limits, the rate of reproduction of 
Chilomonas varies directly with the density of the population. If this is true, then a 
given number of specimens in a small volume of culture fluid should reproduce more 
rapidly than the same number in a large volume. This proposition was tested in the 
following experiments. 

RELATION BETWEEN QUANTITY OF CULTURE FLUID AND RATE OF REPRODUCTION 

Experiment 1 .—Chilomonads were prepared as described above. Then 0.4 cc culture 
fluid was put into each of 4 depressions on slides in petri dishes, and one of the prepared 
chilomonads was added to the solution in each depression. This was then repealed with 
six other quantities of culture fluid. All were then kept in a water-bath at 24.4 ± 0.2 0 C. 
for 24 hours, after which the chilomonads were counted. The whole process, with the 
exception of a small variation in temperature, was then repeated twelve times. The 
results obtained are presented in table 2. 

This table shows that, as the volume in the depressions decreased, the average number 
of chilomonads produced in 24 hours from each one introduced, increased from 9.15 in 
0.4 cc to 12.98 in 0.006 cc, i.c., more than 40 percent. 

* A few of our cultures occasionally became turbid with bacteria or infected with mold, which could 
readily be seen. These were invariably discarded. Some of the others were, from time to time, tested 
for bacteria by plating on standard nuUient agar. With the exception of an occasional colony or two, we 
found no indication of bacteria. It is, however, well known that some forms do not grow on this medium. 
Dr. William T. Burrows, professor of bacteriology in the University of Chicago, made in our laboratory 
various tests, microscopic as well as cultural, ior such forms in our cultures, but found none. It can there¬ 
fore be concluded that they were actually sterile. An account of these tests will soon appear in Proto- 
plasma. 
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These results therefore strongly support the conclusion reached in the preceding 
experiment. This conclusion is also supported by the results obtained in the following 
experiment, in which observations were made on the time at which division in chilo- 
monads in different volumes of culture fluid occurs. 

Experiment 2.—One-tenth cc culture fluid was put into each of 12 depressions on slides, 
and 0.006 cc into each of 12. Then one chilomonad, prepared as described above, was 
added to the solution in each depression. All the slides were put into a water-bath at 
24.4 ± 0.2 0 C., after which the chilomonads in each depression were counted every half- 


TABLE 1 


Relation between number of chilomonads in a given volume 

OF CULTURE FLUID AND FREQUENCY OF DIVISION 


Each day the chilomonads put into all the depressions were taken from those produced the preceding 
day in depressions 9, 10, ii, or 12. ist-gth, days; hydrogen-ion concentration, pi I 6.8; temperature, 
244±o.2° C; Chi., chilomonadB, 
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hour for 6 hours. This was then repeated with other chilomonads. The results obtained 
are presented in table 3. 

This table shows that in the first test, 2 of the 12 chilomonads, each in 0.006 cc cul¬ 
ture fluid, had divided in 2 hours, and none of the 12, each in 0.1 cc culture fluid; that in 3 
hours, 7 of the former had divided and only 2 of the latter; and that in 6 hours the former 
produced 33 chilomonads and the latter only 24. It shows also that in the second test the 
results obtained were essentially the same as in the first. 

It can therefore be concluded that the rate of reproduction in ChUomonas varies in¬ 
versely with the volume of culture fluid per individual. The following exper imen t con¬ 
cerns the extent of this correlation. 
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RELATION BETWEEN NUMBER OF CHILOMONADS, VOLUME OR CULTURE FLUID 
AND RATE OF REPRODUCTION 

Chilomonads were prepared as in the preceding experiment. Then 0.1 cc culture fluid 
was put into each of 20 depressions on slides in petri dishes, and 1 chilomonad added to 

TABLE 2 

RELATION BETWEEN VOLUME OF CULTURE FLUID AND FREQUENCY OF DIVISION IN CMlomonas 


Each day the chilpmonads put into the depressions were taken from those produced the preceding 
day in depressions 1, 2, 3, or 4. ist-i^th, days; hydrogen-ion concentration, pH 6.8; temperature, 
244±o.2° C. first to 6th days, 24. 7 0 C. 7th to 10th days. 



each of 4 depressions, 5 to each of 4,10 to each of 4, 25 to each of 4, and 50 to each of 4. 
All were then put into the water-bath at 24.4 ± 0.2 0 C. This was repeated three times, 
once with 0.05 cc culture fluid in each depression, once with 0.025 cc an< i once with 
0.0125 cc - After 24 hours the chilomonads in all the depressions were counted. The 
whole process was then repeated twelve times. The results are presented in table 4. 
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By referring to table 4 it will at once be seen that in all the volumes tested, except the 
lowest, as the number of chilomonads introduced increased, the number produced in 24 
hours, per individual introduced, increased to a maximum and then decreased; and that 

TABLE 3 


Relation between volume of culture fluid and rate of reproduction in Chllomonas 

One chilomonad was put into the solution in each depression. Temperature, 24.4^0.2° C.; hydrogen- 
ion concentration, pH 6.8; Chi., chilomonads. 



TABLE 4 

Relation between volume of culture fluid, number of 
chilomonads, and rate of reproduction 

Each figure represents the average number of chilomonads produced in 24 hours 
from each one introduced (1 in each of 4 depressions, 5 in each of 4 depressions, etc., 
on 13 different days). Temperature, 24.4 ±0.3° C.; hydrogen-ion concentration, 
pH 6.8; Chi., chilomonads. 


No. of Cm. Put into 
Each Depression 

Volume or Cut runs Fluid in Each Depression (or) 

o.r 

0.05 

0.035 

0,012 

Average No. of Oil. Produced from Each One Introduced 

1. 

8.89 

9.08 

q.r>7 

12.19 

s. 

10 .12 

T3.18 

13.72 

0-20 

10. 

12.28 

is-10 

15.12 

8.80 

2 5 . 

1363 

12.58 

XO.SO 

7.41 

50. 

10.34 

8.88 

7.7a 

376 


the optimum for the number introduced was about 25 for 0.1 cc culture fluid, about 10 for 
0,05 cc, and about 7 for 0.025 cc > that the optimum number varies directly with the 
volume. 

If each volume used is divided by the optimum number, so as to obtain the optimum 
volume per individual, there is obtained 0.004 cc for 0.1 cc volume used, 0.005 cc for 0.05 
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cc volume used and 0.0036 cc for 0.025 cc volume used. This indicates that the optimum 
volume of culture fluid for reproduction is approximately 0.004 cc per individual. 

The fact that the rate of reproduction increases to maxim um as the density of popula¬ 
tion increases and then decreases, shows that for every number of individuals per given 
volume below the optimum number there is a number above the optimum which has the 
same effect on rate of reproduction. This is clearly shown by the results presented in 
table 4. These show, e.g. that the rate of reproduction with x chilomonad in 0.05 cc 

TABLE S 

Effect of changes produced by chilomoms in the culture medium 
ON RATE of reproduction 


Temperature, 24.4±o.2° C.; hydrogen-ion concentration, pH 6.8; Chi,, chilomonads 
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culture fluid is prartically the same as it is with 50, but much higher with 10. If, then, 
one linds that the rate of reproduction is the some with a small number of organisms in a 
given volume of solution as it is with a larger number, it obviously does not prove that 
the rate of reproduction is not correlated with the density of population. 

The question now arises as to what causes the observed correlation between volume of 
culture per individual or density of population and rate of reproduction. 

FACTORS INVOLVED IN THE CORRELATION BETWEEN DENSITY OF POPULATION 
AND RATE OF REPRODUCTION IN CkUonumas 

One immediately thinks of changes in the chemical composition of the culture fluid, 
owing to substances produced or consumed by the organisms, as the cause of the ob¬ 
served correlation between density of population and rate of reproduction; but it is 
obvious that other factors may be involved, e,g. contact stimulation due to movement 
of the organisms or mitogenetic rays produced by them, 
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If it is due to changes in the chemical composition of the culture fluid, the rate of 
reproduction in culture fluid in which chilomonads have been for some time should 
differ from that in fresh culture fluid. The following experiments concern this conten¬ 
tion. These experiments were performed as follows: 

Different numbers of sterile chilomonads were pul into different quantities of culture 
fluid and left different periods of time; then all the chilomonads were removed, and a 
given amount of the culture fluid was put into each of a number of depressions on slides 
and one chilomonad (prepared as described above) added to each; then the slides were 
put into a water-bath at 24.4 ± 0.2 0 C. and the chilomonads counted at definite in¬ 
tervals. The results obtained are presented in tabic 5. 

This table shows that three experiments were made and that in all reproduction under 
optimum conditions began markedly sooner and continued at a much higher rate in the 
culture fluid in which chilomonads had been for some time than in fresh culture fluid. 
It shows also that as the number of chilomonads which had been in the culture fluid in¬ 
creased, the rate of reproduction increased to a maximum and then decreased to zero. 
It shows, moreover, that to produce a favorable effect on the rate of reproduction requires 
a surprisingly short time and that fission is not necessary. This is clearly shown in the 
results obtained in Experiment A, in which only 5 individuals had been in the culture 
fluid only 2 hours and none had divided. 

Since the differences in rate of reproduction recorded in table 5 were independent of 
the immediate density of the population in the culture fluid, it is evident that they must 
have been due to changes in the composition of the culture fluid produced by the chilo¬ 
monads which had been in it before the records were begun. The results presented in this 
table therefore prove that Chilomonas produces changes in the composition of the culture 
fluid which promote reproduction if they are moderate and inhibit reproduction if they 
are excessive; but they do not show whether these changes arc due to production or 
consumption of substances, or both. This problem is considered in the following pages; 
but before taking it up, we will consider the relation between rale of reproduction and 
rate of growth under the conditions which obtained in the preceding experiments. 

RELATION BETWEEN RATE OF REPRODUCTION AND RATIO OP GROWTH IN ChilomOHOS 

Under some conditions the rate of reproduction in Chilomonas is not closely correlated 
with rate of growth; e.g. high concentration of carbon dioxide inhibits rate of reproduc¬ 
tion much more effectively than rate of growth. This results in very large si>ecimens 
(Mast and Pace, 1933). The question now arises as to whether or not the changes in the 
rate of reproduction caused by changes in the culture fluid produced by the action of 
Chilomonas are accompanied by corresponding changes in the rate of growth. If they 
are, the structure and the size of chilomonads grown in culture fluid which has been acted 
on by them should be essentially the same as the structure and the size of those grown 
in fresh culture fluid. This proposition was investigated as follows: 

Into each of 12 depressions on slides in petri dishes 0.1 cc culture fluid was put; then 
75 chilomonads, taken from a flourishing culture, were added to the solution in each of 4 
of the depressions; 400, taken from the same culture, to that in each of 4 others; and 
none to that in the remaining 4. The petri dishes were then put into the water-bath at 
24.4 ± 0.2 0 C. and left 4 hours. All the chilomonads were then removed, and the solution 
in the 4 depressions in each of the three groups mixed, respectively. Then 0.025 cc °* one 
of the three mixtures was put into each of 12 depressions in petri dishes; 0,025 cc of 
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another one of the mixtures into each of 12; and 0.025 cc of the remaining mixture into 
each of 12. A small chilomonad (produced by recent division) from a flourishing cul¬ 
ture, called the “parent culture,” was now added to the solution in each of the 36 depres¬ 
sions, and all put into the water-bath at 244 ± 0.2 0 C., after which the chilomonads in 
each were counted every hour for 6 hours. Then all the chilomonads in the 36 depres¬ 
sions and 10 taken from the parent culture were fixed and stained for starch and fat, 
first in Lugol solution and then in Sudan III and sketched (Fig. 1). The 10 chilomonads 



BCD 


Fxg. i.—Camera outlines showing the effect produced on size and on starch and fat content in Chilo- 
wonas by changes produced in the culture fluid by it. A, small specimens used to start three depression- 
slide cultures - B, C, and />. B, chilomonads taken at random from 7-hour-old cultures in fresh acetate- 
ammonium culture fluid; C\ chilomonads taken at random from 7-hour-old cultures in acetate-ammo¬ 
nium culture fluid in which 75 chilomonads per 0.1 cc had been for 4 hours; D, chilomonadB taken at 
random from 7-hour-old cultures in acetate-ammonium culture fluid in which 400 chilomonads pero.i 
cc had been for 4 hours. Each pair of large outlines consists of two made of the same specimen. The small 
outlines in the large outline at the left represent starch grains; those in that at the right represent fat 
droplets. Hydrogen-ion concentration, pH 6.8; temperature, 244 ± 0.2 0 C. 

taken from the parent culture were, in size and in other respects, like those put into the 
culture fluid in the 36 depressions at the beginning of the experiment. 

In the chilomonads in the fresh culture fluid, the first division occurred during the 
fourth hour in it (Table 6); in those in the culture fluid in which 75 chilomonads had been 
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for 4 hours, it occurred during the second hour; and in those in the culture fluid in which 
400 chil omonads had been for 4 hours, it did not occur until the sixth hour. 

In the first of these solutions 8 of the 12 specimens divided in 7 hours; in the second, 
12; and in the third, 7. It is consequently evident that in the culture fluid in which 75 
chilo monads had been for 4 hours, lission began markedly sooner and continued at 
shorter intervals than in the fresh culture fluid; and that in the culture fluid in which 400 
rliilronnnnrU had been for 4 hours, it began considerably later and continued at longer 
intervals than in the fresh culture fluid. There was, then, a very definite difference in the 
rate of reproduction in these culture fluids. 

If, now, the sketches (Fig. 1) of specimens taken from them are compared, it will be 
seen that there was no essential difference in the starch and the fat content, but that 


Relation between increase tn rate of reproduction and increase in rate or growth 

CAUSED BY CHANGES IN THE CULTURE ILUID PRODUCED BY C/lUomotias 


Temperaluie, 24 4±0 2 0 C ; hydrogen-ion concenlialion, pH 6 8, “nc-am,” acclatc-ammonium cul¬ 
ture fluid; Chi, chilomonads. 



Toiai No or Cm 

in ra Diprission Cutiuris 

Vo min in Cm or Chi. 

Cultuki Fluid Usi d 


al ri a Following Hours 


pRonuciu in 7 Hr 

■ 

■ 

■ 

■ 

7 

Toul 

Av per 
Individual 


Fresh ac-am 

Ac-am in which 75 chi per 

12 

A 

IS 

18 

20 

46,700 

2,333 

01 cc had been 4 hr. 

Ac-am in which 400 chi. per 

12 

17 

18 

2.3 

24 

76,872 

3,202 

0 i cc had been 4 hr. . 

12 

12 

12 

17 

10 

53,048 

2,792 

Volume of 12 chi. used to starL cultures 

17,040 

1,404 


those from the culture fluids which hod had respectively 75 and 400 chilomonads were 
somewhat larger than those from the fresh culture fluid, and much larger than those 
taken from the parent culture. 

The volume of each of the chilomonads sketched was calculated by means of the 
length and the width obtained from measurements made on the sketches? and on the 
assumption that they are ellipsoidal in form. 3 The results obtained are presented in 
table 6. These results indicate that the total volume of the chilomonads produced in the 
12 depressions which contained fresh culture fluid was 46,700 cm (an average of 2,333 
cju per chilomonad), that the total volume of those produced in the culture fluid which 
had had 75 chilomonads for 4 hours was 76,873 cm (an average of 3,203 cm per chilo¬ 
monad), that the total volume of those produced in the culture fluid which had had 400 
chilomonads for 4 hours was 53,048 cm (an average of 2,792 cm per chilomonad), and that 
the volume of those taken from the parent culture to start each of the three sets of 
cultures referred to above was 13,940 cm (an average of only 1,494 cm per chilomonad). 

> ChUomonas is slightly flattened. The camera outlines show the maximum width. This width was 
used in calculating the volumes presented. These arc, thoreforo, somewhat too large. 
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It is consequently evident that the average volume per chilomonad increased con¬ 
siderably in all three culture fluids, i.e. from 1,494 cpi to 2,333, 3> 2 ° 2 > and 2,792 cju, re¬ 
spectively. The fact that it increased more in the culture fluid in which 75 chilomonads 
had been for 4 hours than in the fresh culture fluid shows that the change produced by 
the 75 chilomonads in the culture fluid caused, not only an increase in the rate of repro¬ 
duction, but also an increase in the rate of growth and that the increase in the rate of 
growth was, in fact, considerably greater than the increase in the rate of reproduction. 
It can consequently he concluded that the change in the culture fluid produced by 
Chilomonab acts primarily on the rate of growth and secondarily on the rate of repro¬ 
duction. 

TflE N VTURE OK TIIE CHANGE IN THE CULTURE FLUID PRODUCED BY CJlttomonaS 

About 1,000 sterile chilomonads were put into 1.5 cc sterile culture fluid in a Columbia 
dish in a petri dish. These multiplied and soon became very abundant but all died in 
about 6 days. Then some of the solution in the dish was put into each of five small pyrex 
glass tubes and the same amount of fresh culture fluid into each of two. One of the 
former and one of the latter were left at room temperature. All the rest were suspended 
in water in a beaker over a gas flame and left until it began to boil; then one of those 
containing old culture fluid was removed, 30 minutes later another of these and the one 
containing fresh culture fluid, 30 minutes later another containing old culture fluid and 
30 minutes later still another. After the tubes had cooled to room temperature, 0.025 cc 
of the solution in each of these tubes and those left at room temperature was put, respec¬ 
tively, into each of 12 depressions on slides in petri dishes; then a small cMomonad from 
a vigorous culture was passed through four separate portions of fresh culture fluid and 
added to each, after which all were put into the water-bath at 24.2 ± 0.2 0 C. and 
examined from time to time for 22 hours. The results obtained are presented in table 7. 
This experiment was rqieatcd. The results obtained are practically the same as those 
presented. 

Table 7 shows that there were produced in the 12 depressions with fresh culture fluid, 
not heated, 8 individuals in 8 hours and 142 in 22 hours and practically the same number 
in the fresh culture after it had been at ioo° 30 minutes; and that in the old culture fluid, 
not heated, none were produced in 8 hours and only 34 in 22 hours, but that in this fluid 
after it had been at too 0 for 60 minutes there were produced 9 in 8 hours and 140 in 22 
hours, i,c. very nearly the same numl>er as in the fresh culture fluid. 

The fact that subjecting the old culture fluid to ioo° for 60 minutes caused an increase 
in the rate of reproduction from nearly zero to practically that which obtains in fresh 
culture fluid demonstrates conclusively that the reduction in rate of reproduction with 
increase in the age of the culture is not due to consumption of substances by the or¬ 
ganisms in the culture fluid and that it must therefore be due to the production of sub¬ 
stance by them; and it demonstrates, moreover, that the substance produced is heat- 
labile. The results presented have, however, no direct bearing on the nature of the 
changes produced by the organisms in the culture fluid, which cause an increase in the 
rate of reproduction. The following experiments concern this problem. 

These experiments were performed in essentially the same way as the preceding except 
that, in place of leaving the chilomonads in the culture fluid until the culture died out, 
they were loft only 4 hours. But in some of these experiments there were 35 chilomonads 
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per o.i cc acetate- amm onium culture fluid and in others, 150. The results obtained in 
the former are presented in table 8, and those obtained in the latter in table 9. 

Table 8 shows that the average time required for division in fresh acetate-ammonium 
culture fluid was, in the two experiments made, respectively 6.75 and 6.83 hours, and 
that subjecting this fluid to ioo° for 30 minutes did not significantly change the time 


The effect of temperature on tiie maximum cltancje produced 
BY Chilomonas rN culture FLurn 

“Ac-am,” acetate- ammo nium culture fluid; “old ac-am fluid,” culture fluid in which a culture of 
chflomonads had been until it died out; Chi., chilomonads; temperature, 24.2 ±0.2 0 C.; hydrogen-ion 
concentration, pH 6.8. 


DhPRBtiBJON CUXTUREH 


Culture Fluid 
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Quantity 
of Fluid 
(cc) in 

No. of 
Chi. 
Added 
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1 

12 
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13 

IS 
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O.83 
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1 2 

0.025 

I 

■a 

i2 
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20 

iA 

M2 

r r.83 

6 50 

Same, except at 




■ 






ioo° for 60 

mip. 

12 

O.025 

l 


T2 

14 

tS 

18 

21 

152 

x 2.66 

7-33 

Same, except at 


ioo° for 90 
min. 

12 

0.025 

l 

12 

12 

13 

15 

17 

20 

ISO 

12 50 

7.58 




required; but that, after 35 chilomonads per 0.1 cc had been in this fluid 4 hours, the 
average time was reduced to 6,16 and 6.33 hours, respectively, and that, as the time this 
fluid was subjected to ioo° increased, the average time for division increased, reaching, 
after 30 minutes at ioo°, respectively 6.91 and 6.75 hours in the two experiments, i.e. 
practically the same as in the fresh fluid. 

This demonstrates conclusively that the change in the culture fluid produced by the 
chilomonads, which accelerates rate of reproduction, is not due to consumption of any- 

[PHYBIOLOGICAL ZOOLOGY 

























REPRODUCTION RATE IN CfflLOMONAS 


371 


thing in the fluid by the chilomonads and that it therefore must be due to a substance 
produced by them. The fact that temperature destroys this substance just as it does 
that which inhibits reproduction, indicates that these substances have the same proper¬ 
ties; and the fact that if chilomonads are left in the culture fluid only a short time, the 
rate of reproduction is accelerated, whereas if they arc left a long time it is inhibited, 
indicates that the effect of the substance produced by Chttomonas depends upon the 
concentration, a weak solution causing acceleration and a strong solution inhibition. 

These conclusions are supported by the fact that it requires much longer exposure to 
high temperature to destroy the inhibiting substance than the accelerating, as will be 

TABLE 8 

Tiie effect of temperature on small changes produced by 

Chttomonas ON CULTURE FLUID 

“Ac-am,” acetate-ammonium culture fluid; “young ac-am fluid,” culture fluid in which 35 chilomo¬ 
nads per o.t cc had been for 4 hours; temperature, 24.4±0.2° C.; hydrogen-ion concentration, pH 6.8. 


Avkrvge Tim* (cm hours) tor 12, Each nr 0.025 cr Fluid 


Culjtjrk Fluid Used 

ToFlnt 

Division 

First to 

Second Division 

To First 
Division 

First to 

Second Division 


Experiment A 

Experiment B 

Fresh ac-am fluid at room tempera¬ 
ture. 

6 73 

6.18 

6.83 

5 12 

Same, except at ioo° for 15 min.... 

7.08 

6.00 

6.7s 

s.08 

Young ac-am fluid at room tempera¬ 
ture. 

6.x6 

4.87 

6-33 

4 . 7 S 

Same, except at roo° for 10 sec. 

6.33 

5-50 

6.41 

s.08 

Same, except at ioo° for 15 min. 

6.41 

S-83 

6.66 


Same, except at ioo° for 30 min.... 

6.91 

5 - 6 + 

6.7s 


Same, except at ioo° for 60 min.... 

6.66 

5-45 

6.66 



dearly seen by comparing tables 7 and 8. They are also supported by the results pre¬ 
sented in table 9. 

This table shows that alter 150 chilomonads per o.r cc had been in the culture fluid 
for 4 hours there was, in both experiments made, an increase in the time required for 
division, i.e. from 5.75 to 6.00 hours in the one and from 6.50 to 7.15 hours in the other, 
but that after this fluid had been subjected to ioo° the time required for division de¬ 
creased to a minimum (as the time at ioo° increased) and then increased to normal. 

This indicates that after 150 chilomonads per 0.1 cc have been in the culture fluid 4 
hours the substance produced by them is sufficiently concentrated to cause retardation 
in the rate of reproduction; whereas after only 35 per 0.1 cc have been in the fluid for 4 
hours (Table 8) it is so weak that it causes acceleration, that the marked increase in the 
rate of reproduction alter the fluid has been subjected to ioo° is due to destruction of a 
portion of the substance and consequent decrease in concentration and that the increase 
in the rate of reproduction to normal alter longer subjection to ioo° is due to destruction 
of all of the substance. 
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The results presented show then that if culture fluid in which Chilomonas has died 
out and in which the concentration of X is maximum is subjected to temperature of ioo° 
and then cooled, the rate of reproduction in it increases from zero to maximum, as the 
time at ioo° increases, and then decreases to that which obtains in fresh culture fluid. 
This indicates that X at ioo° gradually decreases from lethal concentration thru optimum 
concentration to zero, as the time increases. 

The conclusions reached are also supported by the results obtained with old culture 
fluid (fluid in which the chilomonads had died out) mixed with fresh culture fluid. The 
methods used in the experiment made with this mixture were the same as those used in 

TABLE 9 

Effect of temperature on medium changes produced by Chilomonas on culture flutd 

“Ac-am,” acetate-ammonium culture fluid; “medium ac-am fluid,” culture fluid in which 150 chilo- 
rnonada per 0.1 cc had been for 4 hours; temperature, 24.4 ±0.2° C.; hydrogen-ion concentration, pH 6.8, 


AvcRAon Tnuc (in hours) tor ia Cm., Each in 0.025 cc Fluid 


Culture Fluid Used 

To Fhsl 
Division 

First to 

Second Division 

To Kirfat 
Division 

Fiist lo 

Second Division 


Experiment A 

Experiment B 

Fresh ac-am fluid at room tempera¬ 
ture. 

5 75 

4.96 

6.50 

6.00 

Fresh ac-am fluid after having been 
at ioo° for 15 min. 

5 83 

4 83 

6.33 

6 .12 

Medium ac-am fluid at room tem¬ 
perature. 

6.00 

5 83 

7.16 

6.77 

Same, except at ioo° for io sec. 

4.91 

4-75 

s.58 

6.00 

Same, except at ioo° for 15 min. 

4.2S 

4-75 

S.25 

S.S8 

Same, except at ioo° for 30 min. 

Same, except at ioo° for 60 min. 

4-75 

4.50 

5-9i 

5.62 

5-75 

4-75 

6.41 

6.12 


the preceding experiments. The average time required lor division of 12 chilomonads, 
each in 0.025 cc culture fluid, was 6.83 hours lor fresh fluid, more than 9 hours lor old 
fluid, 6.83 hours for a mixture of old fluid (3 parts) and fresh fluid (r part), 5.25 hours 
for old fluid (1 part) and fresh fluid (1 part), and 6.33 hours for old fluid (1 part) and 
fresh fluid (3 parts). 

This demonstrates conclusively that the effect on rate of reproduction of the sub¬ 
stance produced by Chilomonas is specifically correlated with its concentration, the 
lower concentrations causing acceleration and the higher retardation. 

In the following pages we shall call this substance “X.” 

MINIMUM AND OPTIMUM CONCENTRATIONS IN THE CULTURE FLUID OP SUBSTANCE (x) 

produced by Chilomonas, AS indicated by its effect on 

RATE OP REPRODUCTION 

In ascertaining the minimum and the optimum concentrations of substance X in its 
effect on the rate of reproduction in Chilomonas, different numbers of chilomonads from 
a vigorous culture were put, respectively, into 0.1 cc acetate-ammonium culture fluid 
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in depressions on slides and left 4 hours, after which all were removed. Then the rate of 
reproduction in the fluid in the different depressions was ascertained, as described in the 
preceding sections. This experiment was repeated twice. The results obtained are pre¬ 
sented in table 10. 

This table shows that, as the number of chilomonads per 0.1 cc culture fluid increased, 
the average time required for division of 12 specimens decreased from 6.6 hours in fresh 
culture fluid to a minimum of 4.87 in culture fluid in which 75 chilomonads per 0.1 cc 
had been for 4 hours and then increased to 7.36 hours; and that there was a slight 
reduction in the culture fluid in which only 1 chilomonad had been for 4 hours. It shows 


TABLE 10 

THE minimum and the optimum concentrations of substance X IN the culture 

FLUID, AS INDICATED BY ITS EFFECT ON THE RATE OF REPRODUC¬ 
TION IN Chilomonas parameclum 

“Ac-am,” acetate-ammonium culture fluid; Chi., chilomonads; temperature, 24.4 ± 0.2° C.; hydro¬ 
gen-ion concentration, pll 6.8. 


Time (m hourb) to First Division 


Culture Fluid Uskd 


Average for ia Chi., Each in o.oaj cc Fluid 
in Each of the Following Experiments: 


Total 


Average 


A 


B 


C 


Fresh ac-am fluid. 

Ac-am fluid in which 1 chi. per 0.1 cc 

had been for 4 hr. 

Same, except 10 chi. 

Same, except 20 chi. 

Same, except 50 chi. 

Same, except 75 chi. 

Same, except too chi. 

Same, except 150 chi. 

Same, except 200 chi... 


7.16 


7.16 

6.66 


6 41 
6.4L 


5.66 


7.00 


6.16 


5.66 

5-75 

5 - 4 i 

5.08 

S-2S 

5 * 5 ° 


6.66 

6.00 


4.66 
S -75 


8.33 


6.66 

6.58 
6.16 
6 08 
S Oi 
4.87 
5-55 
5 * 5 ° 
7-36 


however that this reduction occurred in only one of the two experiments made. But in 
two additional experiments the average time required for the first divisions was, respec¬ 
tively, 8.25 and 6.83 hours in fresh culture fluid and 7.41 and 6.66 hours in culture fluid 
in which 1 chilomonad had been for 4 hours. There was consequently a definite reduction 
in three of the four tests made. 

It can therefore be concluded that the concentration of substance X produced by 1 
chilomonad in 0.1 cc culture in 4 hours is high enough to have & slight accelerating effect 
on the rate of reproduction, that the concentration of this substance produced by 75 
chilomonads in 0.1 cc culture fluid for 4 hours is optimum in its effect on rate of reproduc¬ 
tion and that the concentration of 200 chilomonads in 0.1 cc for 4 hours causes retarda¬ 
tion in the rate of reproduction. 

If it is assumed that a chilomonad produces in 4 hours, substance X equal in amount 
to one-tenth its volume (which would seem to be a very liberal estimate) the concentra¬ 
tion of this substance in the culture fluids used can readily be calculated. 

The average volume of each chilomonad used was approximately 1,230 c/l Each chil- 

Vol. XI, No. 4, October, 1938] 

























374 


S. 0. MAST AND D. M. PACE 


omonad would then produce approximately 123 Cfi in 4 hours. The volume of the culture 
fluid in which substance X was produced equals io 11 cm- The concentration of substance 
X in the culture fluid in which 1 chilomonad had been for 4 hours (i.e. the minimum 
effective concentration) would therefore be 123 parts of X in to ti parts of culture fluid, 
or approximately 1 part in 800,000,000; the concentration of this substance in the culture 
fluid in which 75 chilomonads had been for 4 hours (i.e. the optimum concentration) 
would be about 1 part in 10,000,000; and the concentration of the substance in the cul¬ 
ture fluid in which 200 chilomonads had been for 4 hours (i.e. the minimum concentra¬ 
tion which causes retardation in the rate of reproduction) would be approximately 1 part 
in 4,000,000. 

While it is obvious that all these results are crude approximations, they nevertheless 
show that substance X is effective in extremely low concentrations in the culture fluid. 

RELATION BETWEEN CONCENTRATION IN PROTOPLASM OF SUBSTANCE X PRODUCED 

by Chilomonas and rate of reproduction 

In the preceding sections it was demonstrated that the rate of reproduction of 
CkUofTwnas is closely correlated with the concentration of X in the culture fluid, but the 
results show that there was great variation in the rate of reproduction in experiments 
made on different days with culture fluid in which the concentration of X was the same. 
This becomes obvious if the results presented in the preceding tables are compared. 
Tables 7, 9, and 10 for example, show that the time required for the first division after 
the chilomonads had been transferred to fresh acetate-ammonium solution in the dif¬ 
ferent experiments made varied from 5.75 to 7.41 hours. 

The chilomonads used in all the experiments were taken from vigorous cultures and 
were carefully selected for size. The temperature and the culture fluid were practically 
the same. What, then, was the cause of the variation in the rate of reproduction ob¬ 
served? The following experiments concern this question. 

Experiment r,—Four groups of 12 isolation cultures each were set up in depressions on 
slides. Each culture contained 0.025 cc acetate-ammonium culture fluid and i small 
chilomonad, selected for size and content from a young flourishing culture. 4 All the cul¬ 
tures were kept in the water-bath at 24.4 ± o.i° C. and examined every hour until each 
chilomonad had divided twice. Then the average time required for the first and for the 
second division, respectively, was calculated for the 12 chilomonads in each group. It 
was found that the first division required respectively 6.20, 6.10, 6.00, and 6.25 hours 
in the four groups and the second division, respectively 5.25, 5.16, 5.45, and 5.25 hours. 

These results show that if several groups of chilomonads are selected from a given 
culture at the same time, the average rate of reproduction in the different groups is 
fairly uniform; and they indicate that the excessive variation observed in the preceding 
experiments must in some way have been correlated with the fact that the chilomonads 
used were taken from different cultures, despite the fact that all these cultures were 
in a flourishing condition. 

The results presented also show that, after the chilomonads have been transferred from 
an acetate-ammonium culture fluid in which they had grown for some time and which 
consequently contains considerable substance X, to fresh acetate-ammonium culture 

♦ Before the chilomonads were put into the isolation cultures, they were passed successively thru each 
of 4 portions of sterile fresh culture fluid in depressions on slides. 
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fluid which contains no X, the first division requires much more time than the second 
division. 

This is what would be expected if the chilomonads contained, in their protoplasm, X 
in supraoptimum concentration when they were transferred from the old to the fresh 
culture fluid (as was probably true) and if, after they were transferred, some of X 
diffused out so as to decrease its concentration in the protoplasm and increase it in the 
culture fluid, thus making it more nearly optimum in both, and consequently causing an 
increase in the rate of multiplication. 

Experiment . 2 .—Approximately 500 chilomonads were taken from a culture which 
was 3 days old and put into a depression on a slide which contained 0.1 cc acetate- 
ammonium culture fluid. This culture was then put into the water-bath at 24.5 ± 0.2 0 C. 
and left 24 hours; then 500 of the chilomonads from this culture were transferred to each 
of two depressions, each containing 0.1 cc culture fluid, and left 24 hours; after which 500 
were transferred from one of these depressions to each of two others, each containing 
0.1 cc culture fluid. This was repeated 24 hours later, resulting in three cultures which 
were precisely the same except that the first was 1 day older than the second, and the 
second 1 day older than the third. These three cultures were left in the water-bath 24 
hours, then 12 small chilomonads which had recently divided were selected from those in 
each culture, washed as described above, and put respectively into 0.025 cc culture fluid 
in depressions on slides in petri dishes in the water-bath, after which they were examined 
every hour and the average time required for division in each group calculated. 

It was found that those from the one-day-old culture required an average of 6.08 
hours; those from the two-day-old culture, 7.75 hours; and those from the three-day-old 
culture, 7.91 hours. 

This experiment was repeated several days later and the averages obtained were 
6.25, 7.08, and 7.33 hours, respectively. 

This shows that the rate of reproduction in chilomonads which have been trans¬ 
ferred to fresh culture fluid is closely correlated with the age of the culture from which 
they are taken. 

Wc have demonstrated that the concentration in the culture fluid of substance X 
varies directly with the age of the culture and the density of the population. It was con¬ 
sequently much more concentrated in the three-day-old than in the one-day-old culture, 
and the protoplasm in the former doubtless contained much more than that in the latter. 
The concentration in all three cultures was supraoptimum, for in the youngest culture 
it equaled the amount produced in 0.1 cc by 500 chilomonads in 24 hours or approxi¬ 
mately 28,000 chilomonad-hours per 0.1 cc; whereas the optimum, as shown above, is 
approximately only 300 chilomonad-hours per 0.1 cc. In the oldest culture it was, how¬ 
ever, very much higher, i.e. over 2,000,000 chilomonad-hours per 0.1 cc. 

We would therefore expect the time required for division in fresh culture fluid to be 
much shorter in the former than in the latter, which is precisely what was observed. 

The variation in the rate of reproduction in fresh culture fluid with the age of the 
culture from which the chilomonads have been taken appears therefore to be due to 
differences in the amount of X in the protoplasm carried over in the transfer. This con¬ 
clusion is strongly supported by the results obtained in the following experiment. 

Experiment 3.—Five hundred chilomonads were taken from a vigorous culture and 
put into 0.1 cc fresh acetate-ammonium culture fluid in a depression on a slide in the 
water-bath at 24.5 ± 0.2 0 C. Four days later 500 more were taken from a similar culture 
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and treated in the same way and i day later one from another similar culture. One day 
after this, 12 small individuals which had recently divided were taken from each of these 
three depression cultures, washed as in the preceding experiments, and put separately 
into 0.025 cc culture fluid in each of 36 depressions on slides in petri dishes. This re¬ 
sulted in 12 isolation cultures, each of which contained x chilomonad from a six-day-old 
culture containing very many specimens, 12 which contained chilomonads from a two- 
day-old culture containing a moderate number, and 12 which contained chilomonads 
from a two-day-old culture containing only a few (about 64). The concentration of X 
in the protoplasm of the chilomonads in the first group of cultures was therefore 
“strong,” that in the protoplasm of those in the second group “medium,” and that in the 
protoplasm of those in the third group “weak.” All these cultures were kept in the 
water-bath and examined hourly. 

After the first division of the chilomonad in each of these cultures, one was removed 
and put into 0.025 cc fresh culture fluid in a clean depression on a slide in a petri dish, 
and the other was left in the old culture fluid. After all had divided, there were therefore 
36 isolation cultures which contained one-day-old culture fluid and 36 which contained 
fresh culture fluid. The former were designated “A,” and the latter “B.” All were put 
into the water-bath and then examined hourly. In A, 1 chilomonad was removed and 
discarded after each division, and the culture fluid removed (only a small amount) with 
it was replaced with fresh culture fluid. In B, 1 chilomonad was removed after each 
division and put into 0.025 cc fresh culture fluid in a clean depression, and the other one 
discarded. The results obtained are presented in table 11 and figure 2. 

This table shows that the time required for the first division varied greatly, i.e. from 
6.08 to 10.10 hours, and that it varied inversely with the concentration of X in the 
protoplasm of the chilomonads. 5 It also shows hat in both A and B, as the time in¬ 
creased, the rate of reproduction under all three conditions increased to a maximum and 
then decreased but that the rate of decrease was very much more rapid and the maximum 
rate considerably higher in the chilomonads in which the concentration of X was 
“strong” than in those in which it was “weak” and that the maximum rate of reproduc¬ 
tion was, in general, probably reached a little sooner in A than in B. It shows however, 
that at the close of the experiment the rate was very nearly the same under the three 
conditions but that it was a little higher in A than in B. The table indicates that in the 
chilomonads in which the concentration of X was weakest there was a slight decrease in 
the rate of reproduction before the increase to a maximum occurred and that this de¬ 
crease was considerably higher in fl than in A. All these results become much more 
evident by referring to and comparing the curves in figure 3. What do they signify? 

The concentration of substance X in the culture fluid from which the chilomonads 
used in this experiment were taken was approximately 504 chilomonad-hours per 0.1 cc 
in “weak,” 252,000 in “medium,” and more than 1,000,000,000 in “strong.” It was 
therefore supraoptimum in all, for the optimum is only 300 (Table 10); and the concen¬ 
tration in the protoplasm of the chilomonads was probably somewhat higher than that 
in the culture fluid. In the transfer of the chilomonads from the old culture fluid to fresh 
culture fluid the X in the protoplasm was of course also transferred; one would therefore 
expect the rate of reproduction in the fresh culture fluid immediately after the chilo- 

5 This experiment was in part repeated twice. In one teat the average time required for the first 
division was 7 hours with chilomonads from a young culture and 10.20 with chflomonads from an old 
culture, and in the other it was 641 and 10.80 hours, respectively. 
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monads were transferred to it to vary inversely with the concentration of X in their 
protoplasm in accord with the results obtained. And since, after the transfer, X doubt¬ 
less (owing to difference in concentration) diffused out of the protoplasm and became 
weaker and weaker, reaching optimum concentration and then suboptimum, one would 
expect that, as the time in fresh culture fluid increased, the rate of reproduction under 
all three conditions investigated would increase to a maximum and then decrease, which 

TABLE 11 

The relation between the concentration of substance X in the protoplasm of 

Chilomonas Paramecium AND THE RATE OF REPRODUCTION IN FRESH 
ACETATE-AMMONIUM CULTURE FLUID 

Concentration of X in protoplasm: weak, chilomonads taken from a culture started with i chilomonad 
in o.t cc acetate-ammonium culture fluid and left 2 days; medium, chilomonads taken from a culture 
started with 500 in o. i cc acetate-ammonium fluid and left 2 days; strong, chilomonads taken from a cul¬ 
ture started with 500 in o.x cc and left 6 days. Temperature, 24.5 ±0.2° C.; hydrogen-ion concentration, 
pH 6.8; Chi., chilomonads. 

In experiment A, after each division, one of the chilomonads was removed from the culture and dis¬ 
carded. In experiment B, after each division, one of the chilomonads was put into a clean depression con¬ 
taining 0.025 cc fresh acetate-ammonium culture fluid and the other one discarded. 


Concentration of 
Substance X xn 
P snroPLARK <>t Cur. 


Averaoi: Time (in hours) tor 

13 Chi. in Isolation Cultures 


To First 
Division 

First to 
Second 
Division 

Second to 
Third 
Division 

Third to 
Fouilh 
Division 

Fourth to 
Fifth 
Division 


Sixth to 
Seventh 
Division 

Seventh 
to Eighth 
Division 


A 

Weak.... 

6.08 

6.00 

6 33 

s.08 

4.83 

s.08 

5-66 

5*90 

Medium. 

7 60 

5.66 

5-58 

5.00 

5 00 

4 - 4 S 

4.66 

6 00? 

Strong. 

10.10 

5 00 

4.33 

4.87 

4-37 

4.28 

S-oo 

5.80? 


B 

Weak. 

1 

6 08 

6.25 

6.75 

5 H* 

< CO 

5 4 1 

5.83 


Medium. 

7,60 

4 70 

5 .SO 

S-QO 

S 20 

5.30 

6.66 

6.40? 

Strong . 

10.10 

S- 9 ° 

5 00 

5.2 2 

4 SO 

5-oo 

5 * 5 ° 

6.50? 


is precisely what was observed; and one would expect the maximum rate to be reached a 
little later and the rate at the close of the experiment to be a little higher in A than in B, 
for the concentration, of X was, after the first division, continuously a little higher in A 
than in B, owing to the fact that culture fluid was not changed in A. The latter expecta¬ 
tion is in accord with what was observed but the former probably is not, although there 
is some doubt concerning this. 

The correspondence between expected and observed strongly supports the conclusions 
reached from the results obtained in the preceding experiment, namely, that the rate of 
reproduction in Chilomonas is closely correlated with the concentration of X in the 
protoplasm and that the variation in the rate of reproduction in fresh culture fluid 
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observed in the experiments described in the preceding sections of this paper was due to 
variation in the concentration of X in the culture fluid from which the chilomonads used 
were taken. 

But why the rate of reproduction in the experiment now under consideration increased 
much more rapidly in chilomonads transferred from old than in those transferred from 
young culture fluid to fresh culture fluid and why the maximum rate was higher in the 
former than in the latter and why there was at first decrease in the latter and none in the 
former and why this decrease was greater in B than in A is not clear. There arc, of 
course, various other factors besides X involved in the control of the rate of reproduction 
in Chttomonas, and their action doubtless accounts for these results. 



■Division 


Fig. a —The relation between the concentration of substance X in the protoplasm of Cliilomonas 
Paramecium and the rate of reproduction in fresh acetate-ammonium culture fluid. Kach point on the 
curves represents the average time required for division of i s individuals. O, chilomonads from a young 
culture; 0, chilomonads from a medium-aged culture; •, chilomonads from an old culture, fn experi¬ 
ment A, after each division, one of the chilomonads was removed from the culture and discarded. In exper¬ 
iment B, after each division, one of the chilomonads was put into a clean depression containing 0.025 
fresh acetate-ammonium solution. 


Experiment 4 .—If X readily diffuses out of the chilomonads, and if the rate of repro¬ 
duction is closely correlated with the concentration of X in the protoplasm in accord 
with the postulations made above, one would expect the rate of reproduction to vary 
inversely with the frequency of transfer to fresh culture fluid. 

Two series of observations were made concerning this hypothesis. In one, 24 chilo- 
monads were selected for size and content from a vigorous culture and washed in fresh 
culture fluid, as described above. One of these was put into each of 24 depressions con¬ 
taining 0.025 cc culture fluid each and transferred to the water-bath. Every half-hour 
after this the chilomonads in 12 of the depressions were transferred to fresh culture fluid 
in dean depressions and those in the other 12 depressions were taken up in a pipet and 
returned to the solution from which they had been taken. The average time required for 
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the first division was n hours for those which had been transferred to fresh culture fluid 
and only 6.6 for those which had not. 

In the second series of observations the methods used were the same as those in the 
first except that 12 of the chilomonads used were transferred to fresh culture fluid every 
15 minutes in place of every 30 minutes. These observations were continued for 15 hours 
and during that time none of those which had been transferred to fresh culture fluid 
divided, whereas the average time required for the first division in the twelve which had 
not been transferred was only 6.25 hours. 

The results obtained indicate therefore that the rate of reproduction in Ckilomonas 
varies inversely with the frequency of transfer to fresh culture fluid, and they conse¬ 
quently support the conclusion concerning the effect of diffusion of X on the rate of 
reproduction, reached in the preceding experiments. 

DISCUSSION 

As previously stated, Robertson concluded that unicellular organisms and probably 
all other cells produce substances which accelerate growth; Yocom, Petersen, and 
Dimitrowa obtained results which support this conclusion; and Woodruff, Peskett, 
Greenleaf, Calkins, Myers, Grimwald, Chejfec, Jahn, Darby, Di Tomo, Beers, Johnson 
and Phelps obtained results which oppose it, and they conclude that protozoa do not 
produce growth-promoting substance and imply that the reverse results obtained by 
Robertson and others are due to differences in the amount or the kind or the availability 
of the food under the different conditions which obtained in the experiments. 

The results presented above demonstrate that the rate of reproduction in C. para ,- 
mecium varies directly with the density of population under some conditions and in¬ 
versely under others, and that these results are not dependent upon variation in the 
amount, the kind, or the availability of food but upon the concentration of an unknown 
substance (X) produced by the chilomonads. However, the fact that such substance is 
produced by Ckilomonas obviously does not prove that similar substance is produced by 
other cells and it therefore does not prove that Robertson’s conclusion is valid; but it 
nevertheless does lend some support to this conclusion. And the facts that Went (1937) 
and others, as is well known, demonstrated that growth-promoting substance is pro¬ 
duced in some plant cells, and that Peebles (1929) and others obtained results which 
appear to indicate that such substance is produced by eggs, also lend support to it. 
Moreover, we demonstrated that the rate of reproduction in fresh culture fluid varies 
with the age of the parent culture. The divergent results obtained by others on the re¬ 
lation between density of population and rate of reproduction may consequently be 
due—at least in part—to difference in the age of the parent cultures rather than to 
difference in the food. These results therefore do not necessarily overthrow Robertson’s 
conclusion. 

The results presented in the preceding section of this paper seem to prove that 
Ckilomonas not only produces growth-promoting substance in accord with Robertson’s 
views but that if this substance is concentrated, it retards and inhibits growth and kills 
the organisms. If the production of such a substance is widespread among cells, it is 
obviously of the greatest importance in all problems concerning growth, reproduction, 
and senescence, and it doubtless has an important bearing on many others. 

We axe continuing our experiments on Ckilomonas concerning the nature and the action 
of the substance X produced by them, and we hope soon to extend them to other forms. 
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SUMMARY 

1. Sterile acetate-ammonium culture fluid and the isolation culture method, with 
transfer to fresh culture fluid every 24 hours, were used practically exclusively in this 
work. 

2. ChUomonas grows indefinitely in mass cultures in acetate-ammonium culture fluid 
if it is transferred to fresh fluid every other day; but if it is not transferred, il dies out in 
about 6 days. 

3. In isolation cultures transferred to fresh culture fluid every 24 hours the rate of 
reproduction of ChUomonas increases to a maximum as the volume of culture fluid per 
individual decreases and then decreases to zero. 

4. The average number of chilomonads produced in 24 hours at 24 ± 0.2 0 C., from 
each specimen introduced, increased in one series of tests from 8.7 with 1 specimen in 
0.4 cc culture fluid to 13.65 with 50 specimens in 0.4 cc (more than 50 percent) and in 
another from 9.15 with 1 specimen in 0.4 cc to 12.98 with 1 specimen in 0.006 cc (over 
40 percent). 

5. The increase in rate of growth is somewhat greater than the increase in rate of 
reproduction. 

6. If different numbers of chilomonads are left for the same length of time in the same 
amount of culture fluid, and then removed and chilomonads from a vigorous culture 
added, the rate of reproduction in the culture fluid increases to a maximum, as the 
number of chilomonads which had been in it increases, and then decreases to zero. 

7. If culture fluid in which ChUomonas has died out is subjected to ioo° and then 
cooled, the rate of reproduction of ChUomonas in it increases from zero to maximum, as 
the time at ioo° increases, and then decreases to that which obtains in fresh culture 
fluid. 

8. If culture fluid in which ChUomonas has died out is diluted with fresh culture fluid, 
the rate of reproduction of ChUomonas in it increases to maximum, as the dilution in¬ 
creases, and then decreases to normal. 

9. The relation between the number of chilomonads per given volume of culture fluid 
and the rate of reproduction is not due to change in the culture fluid, owing to consump¬ 
tion of substance in it or to mitogenetic rays or to contact stimulation. It is correlated 
with the concentration of a substance produced by the chilomonads. 

10. This substance (designated “X”) accelerates reproduction in low concentrations 
and inhibits it and causes death in high concentrations. 

11. Fission is not necessary for the production of substance X. 

12. The lowest effective concentration of X is produced by one chilomonad in 0.1 cc 
culture fluid for 4 hours, and the optimum concentration by 75 in 0.1 cc for 4 hours. 

13. If 1 chilomonad produces X equal in volume to one-tenth of its volume in 4 hours, 
the lowest effective concentration is about 1 part X in 800,000,000 parts of culture fluid 
and the optimum is about 1 part in 10,000,000. 

14. If culture fluid in which chilomonads have developed long enough to produce a 
maximum rate of reproduction (i.e. X in optimum concentration) is subjected to ioo° C. 
for 60 minutes, the rate in it is the same as in fresh culture fluid. If culture fluid in which 
chilomonads have died out is subjected to ioo° C. for 90 minutes, the rate in it is the 
same as it is in fresh culture fluid. 

15. The substance X produced by ChUomonas is heat-labile, and the time required to 
destroy it in a given temperature varies directly with the concentration. 
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16. The rale of reproduction of chilomonads in culture fluid containing X in a given 
concentration, varies with the age of the culture from which they were taken. This is due 
to variation in the concentration of X in the protoplasm, with the age of the culture. 

17. If chilomonads in which the concentration of X in the protoplasm is supra- 
optimum are transferred to fresh culture fluid and then transferred every 24 hours, the 
rate of reproduction increases to a maximum and then decreases to normal. This is due 
to decrease in the concentration of X in the protoplasm, owing to diffusion. 

18. If chilomonads are frequently changed to fresh culture fluid, the rate of reproduc¬ 
tion decreases as the frequency increases. This is due to diffusion and consequent de¬ 
creases of X in the protoplasm. 
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FAT RELEASE IN AMOEBA AFTER IRRADIATION 1 

(One plate) 

I. V, IEEILBRTrNN AND KATHRYN DAUGHERTY 
University of Pennsylvania 

I T HAS been shown that ultra-violet radiation and also other stimulating agents 
cause a release of calcium in protoplasm (Heilbrunn and Daugherty, 1933; Heil- 
brunn and Mazia, 1936; Mazia and Clark, 1936). This is doubtless not the only 
effect of such agents. Nadson (1925) found that radium caused a production of fat drop¬ 
lets in the protoplasm of yeast cells and that the same effect was also produced by ultra¬ 
violet radiation. In general, it appears that various types of irradiation may release fat 
or lipoid from protoplasmic combination (for references to literature see Heilbrunn and 
Mazia, 1936). The evidence on which this statement is based is perhaps not too clear. 

By centrifuging cells, it is possible to estimate the amount of free fat in them (Heil¬ 
brunn, 1936). In this study we have attempted to discover whether radiation from a 
mercury arc lamp can cause an increase in the amount of fat which can be centrifuged to 
one side of a cell. 

The work was done on two species of amoeba, Amoeba protcus and A. dubia. The re¬ 
sults were essentially the same for both species, but only data for A. protcus, are 
presented. The organisms were exposed for varying lengths of time to the complete 
radiation from a Uviarc lamp kindly loaned by the General Electric Company. The 
lamp was run at ioo volts and 3.8 amperes, and the amoebae were placed at a distance 
of 40-45 cm. from the arc. No attempt was made to determine the intensity of the radia¬ 
tion employed or to isolate particular wave-lengths. The determination of radiation in¬ 
tensity is not simple. Isolation of individual wave-lengths so weakens the intensity that 
it is difficult to obtain effects on biological material. In our experiments we were not 
concerned with the relative effect of one wave-length as compared with another, nor 
were we interested in discovering the intensity necessary to produce an effect. The 
Uviarc lamp is well known, and its spectrum has been carefully studied (Buttolph, 

1930)- 

In our experiments we sought to uBe an effective but not lethal intensity of radiation, 
and wc wished to discover whether treatment with such radiation would actually cause 
a release of fat in amoeba. In experiments of this sort, it is possible to make a rough 
quantitative measure of the free fat in individual amoebae and to compare the amount 
in normal and irradiated specimens. If amoebae which normally contain a small, amount 
of free fat are exposed to the radiation from a Uviarc lamp, it can be shown that the 
amount of the free fat increases following irradiation. However, these experiments are 
not very satisfactoiy, for it is difficult to obtain anything better than a rough estimate of 
the volume of free fat present in an amoeba. It is simpler and more conclusive to conduct 
experiments on strains or cultures of amoebae which normally are totally lacking in free 
fat. Such fat-free cultures must be carefully selected, for they are the exception rather 

x This work has been aided by a grant from the Radiation Committee of the National Research 
Council. 
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than the rule. Although we always began with fat-free cultures of amoebae, in some of 
our experiments, we found it worth while to make conditions favorable to fat release 
before exposing the amoebae to the Uviarc lamp. This was done by immersing the amoe¬ 
bae for hours or even days in distilled water. Of the amoebae in distilled water, a small 
percentage showed free fat. This percentage was greatly increased after the irradiation. 


TABLE 1 

Fat release after 45 seconds of exposure to ui.tra-vioi.kt irradiation 



The technique of the experiments was very simple. After exposure to the Uviarc 
lamp, the amoebae were allowed to remain in suitable dishes for 30-do minutes. Such 
a time interval is necessary to allow the process of fat release to take place. At the ex¬ 
piration of the time interval, the amoebae, both irradiated specimens and controls, were 
centrifuged for 5-10 minutes in an Emerson electric centrifuge at a force approximately 
six thousand times gravity. The centrifugal treatment was strong enough to stratify the 
protoplasmic constituents, and the fats of the cell were thrown to the light pole. Here 
they could readily be stained with Sudan III. This is illustrated in Plate I. In the 
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upper portion of the irradiated cells, there is an accumulation of dark material, which is 
colored a brilliant orange in the original preparation. No such material appears in the 
control. 

The tables show three series of experiments, and they give the results of exposures of 
45, 60, and 90 seconds. In all the experiments irradiation did cause a very definite re¬ 
lease of fat in a fair percentage of exposed individuals. This percentage was always 
greater when the experiments were conducted in the warmer months. Thus, in Table x 
the June amoebae showed 38.4 per cent with positive results, whereas the November and 
December amoebae treated in the same way showed only 6.8 per cent. 

TABLE 2 

Fat release after 60 seconds of exposure to ultra-violet irradiation 


Date 

(1936) 


Nov. is... 

16.. . 

17.. . 
ax... 

33.. . 

24.. . 

30.. . 
Dec. a... 

3.. . 

4.. . 

7 .. . 

8 .. . 


Total 


Temp. 

(°C.) 

S 

Cul- 

lure 

Me¬ 

dium 

Cul¬ 

ture 

No. 

Control 

Amoe¬ 

bae 

without 

Fat 

Release 

Time 

between 

Expo¬ 

sure 

and 

Centri- 

Amoebae 
with (-H or 
without (—) 
Fat 

Release 

pH of 
Dis¬ 
tilled 
Water 

Time 
In Dis¬ 
tilled 
Water 

Control 
Amoebae 
with (+) or 
without (—) 
Fat 

Release 

Time 

between 

Expo¬ 

sure 

and 

Centri- 

Amoebae 
with (+) or 
without (—) 
Faf 

Release 

Per¬ 

cents 

ape 

with 

Fat 

Re¬ 

lease 

30 


(2) 

38- 

60 

25— ... 









U) 

34 " 

15 “ 

60 

21— ... 







19.S 

7 4 

(2) 



6 8 

68 hr. 

6- ... 

76 

4 -i 2+ 


91.5 

7.3 

(2) 

9— 




a hr. 
21 hr. 



a—, 4+ 
6- 2 + 


90.0 

7.5 

( 4 ) 

15 “ 


. 

7 0 

7 —i 4 + 

60 


31.5 

7.0 

(a) 

15 “ 


. 

6.5 

48 hr. 

13 “ ... 

50 

.... 4+ 


30-22 

7.2 

M 

10— 

62 

13 —, ... 








7.3 

Co 

13 - 

60 

4 —1 1+ 







20 

6.9 

(3) 

4 — 

QO 

n-» a+ 

18- ... 







90 

6.9 

in 

65 — 

70 







91 

6.7 

in 

II — 


6 5 

5l hr. 

18- ... 

44 

.... 7 + 


33 

6.9 

hi 

35 “ 

58 

31 — ... 

6.5 

22 hr. 

9 “ ... 

60-65 

.... 35 £ 







B 


4 hr. 

20— .., 

0^40 

60 

a?— 2 J- 


20 

7 3 

ii\ 

13 “ 

20— 

37 

37 







7 0 

"os' 

3 days 

12— ... 

43 

5 —» 3 + 


IQ-31 

7.0 

hi 




6.3 

24 hr. 

6— ... 


fi — 14 - 


mmm 





u 1 *T 

T —. t 4 - 



6.9 

worn 

mmm 

I 2 S 

60 

5“» 2 + 
I<>— ... 

. 


yy 


* i * T 



njfl 


6 j 

24 hr. 

'7- 

ias 

3“* 3 + 



130 

7 “, 5 + 



B 











382 


166 



log 

4 + “ 


133 

82+- 

' 




<0%+) 


i 3 + “ . . 



mumi 

63 .x 





< 7 .H%+) 



( 3 . 6 %+) 

K9 



Tables a and 3 give data both for amoebae irradiated directly in culture fluid and 
for amoebae immersed in distilled water before exposure to the radiation. Following ex¬ 
posure to distilled water, much higher percentages of amoebae with free fat are obtained. 
The favorable effect of the distilled water is perhaps to be correlated with the fact that 
such water is lacking in carbonates and bicarbonates. On the other hand, the culture 
fluid, which consisted essentially of spring water, presumably did contain carbonate or 
bicarbonate. The presence of such compounds would tend to send carbonic add into 
the protoplasm (Jacobs, 1920). Thus, the amoebae in distilled water mi gh t, have less add 
protoplasm than those in culture fluid. It has been shown previously (for the protoplasm 
of sea-urchin eggs) that aridity tends to prevent fat rdease (Heilbrunn, 1936). More- 

Vol. XI, No. 4, October, 1938] 













































3«6 


L. V. HEILBRUNN AND KATHRYN DAUGHERTY 


over, in the case of amoeba, we were able to show that treatment with carbon dioxide 
prevented release of fat by irradiation. On the other hand, if amoeba protoplasm is 
made more alkaline by imm ersion in dilute ammonium chloride solutions, then subse¬ 
quent irradiation causes a greatly increased release of fat and the entire amoeba be¬ 
comes filled with tiny droplets, presumably of fatty material. 

As a whole, the experiments confirm the older observations which have shown that 
fat release may follow irradiation of protoplasm. Further study is necessary in order to 
determine whether this fat release is due to a direct action of the radiation on the pro- 

TABLE 3 

Pat vvr.vASF. after 90 seconds of exposure to ultra-violet irradiation 


Date 

(1036) 


Nov. 13 .. 

17.. . 

18.. . 

31 .. 

33 -.. 

34 .. 

30 .. . 

Dec. 3... 
3 • 
4... 

10.. . 

Total. 


remp. 

(°c.r 


5 

Cul¬ 

ture 

Me¬ 

dium! 


Cul¬ 

ture 

No. 


Control 

Amoe¬ 

bae 

without 

Fat 

Release 


Time 
between 
Expo¬ 
sure 
and 
Centrl- 
fugii 


Amoebae 

ilS") 

Fat 

Release 


pH of 
Dis¬ 
tilled 
Water 


Time 
in Dis¬ 
tilled 
Water 


Control 

Amoebae 

Fat 

Release 


Time 
between 
Expo¬ 
sure 
n.r>d 
Cen tri- 


Amo ebac 

Fat 

Release 


Per- 

cent- 

X 

Fat 

Re¬ 

lease 


19 

ai 5 
31.0 

30 O 

31-5 

30-23 


30 O 
3Z.O 
IQ-31 

31 O 


It 

7 .a 
7.7 
7.3 
7.5 
7.0 

7-0 

7-3 

6.q 

7.3 

6 9 
6.9 
7.1 


(3) 

(4) 
(a) 

to 

(a) 

£1 

hi 

(4) 

(4) 

m 


5- 

9- 

4- 

30— 

IS¬ 

IS- 

13— 
13 — 

4- 

5 - 

65- 

13- 

6 - 


90 

OS 

03 

60 

60 

30-60 

70 

70 

75 

75 

70 

130 

90 


6— f 1+ 

3— ... 

4- , 1 + 

3+ 

10— ... 

33- ... 

19- ... 

7— t 3+ 

8 — ... 
13—1 3+ 


7 .o 

70 

7.0 

6.5 

6.5 


33 hr. 

ai hr. 
31 hr. 

48 hr. 
19 hr. 


a —1 3+ 
16—, ... 
7- 4+| 

13- . 
13- . 


30 

75 

75 

30-60 

60 


- 5 + 

.... 9+ 

I-, 3+ 

10 — 

.... IO+I 


6.5 


Sdaya 


9“ 


3+ 


10— ... 

6 - ... 
5—* 1 + 


43 hr. 


8-, 1+ 


68 


3-. 5+ 


(oft+) 


!3 3 

«+" 

(8-9%+) 


76 

8 +- 

(10%+) 


34+- 


57-6 


tein-lipid binding or whether it may not be due indirectly to an alkalinization of the 
protoplasm. For it is conceivable that irradiation makes the protoplasm more alkaline 
and that this alkalinization produces a release of bound fat. 

Irradiation is one type of stimulation. It seems not unlikely that other types of stimu¬ 
lation may also cause a release of fat in the protoplasm. This question offers possibil¬ 
ities for further research, and such work is at present being attempted in this laboratory. 
Pr elimina ry results indicate that protoplasmic protein may be combined with both fat 
and calcium, and that both fat and calcium may be released in stimulation. Those 
types of stimulation which may involve localized increases in temperature seem espe¬ 
cially prone to release fat. 


SUMMARY 

Radiation from a mercury arc lamp causes a release of fat in amoeba protoplasm. 
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PLATE I 

Fig. i ,—Amoeba proteus, centrifuged control. X300. 

Fig. 3.— Amoeba proteus, centrifuged after 45 seconds of irradiation. Time interval between 
irradiation and centrifugal treatment, 60 minutes. X385. 

Fig. 3 .—Amoeba dubia, centrifuged control. X290. 

Fig. 4 .—Amoeba dubia, centrifuged after 45 seconds of irradiation. Time interval between 
irradiation and centrifugal treatment, 75 minutes. X280. 






AN EXPERIMENTAL STUDY OF CLOT FORMATION 
IN THE PERIVISCERAL FLUID OF ARBACIA 1 
(One plate) 

JAMES A. DONNELLON 

Zoological Laboratory, University of Pennsylvania, and Marine Biological Laboratory, 

Woods Hole, Massachusetts 

I T IS well known that, if the body fluid of a sea urchin is withdrawn from the shell, 
it undergoes a change in which tie cells separate completely from the fluid to form 
a clot. When the membrane or shell is injured in any way, the body fluid will 
clot at the point of injury and dose in the opening (Kindred, 1921). Similar injury to 
the intestinal wall by sand or sharply pointed intestinal contents will also result in dot 
formation. 

These observations suggested an investigation to determine, if possible, just why the 
body fluid should dot under these circumstances and not under normal conditions within 
the shell. In attempting to solve this problem, it was thought advisable to test the effect 
on the body fluid of different reagents, such as tissue extracts, fat solvents, salt solutions, 
or other reagents that might be suspected of being able to influence dot formation either 
by preventing or by causing it. 

Previous investigators in this field have dealt more with the morphology of the dot 
than with the physiological problem suggested by its formation. Cu6not (1891) distin¬ 
guishes two different series of cells from which he believes all the cellular elements are 
derived. The first series, which he calls “vibratile globules,” are minute spherical ele¬ 
ments with & head and vibratile tail. These cells rotate very rapidly and continuously, 
and their function, according to Cu6not, is to keep the fluid contents of the body cavity 
in motion. 

The second series were called “amibocytes” and were subdivided into several differ¬ 
ent types. The cells of the first type of this series are the colorless “amibocytes” having 
a homogeneous cytoplasm and numerous filiform pseudopodia which sometimes unite 
to form complete rings. The name “leucocyte” was applied to these cells by Good¬ 
rich (1919), and many investigators believe that they are the chief agents in the forma¬ 
tion of the clot. Further details concerning the morphology of clotting may be found 
in papers by Kindred (1921) and Theel (1896). 

Geddes (1880) refers the clot formation to the remarkable massing-together of the 
leucocytes to form a network in which the other corpuscles become entangled. Kindred 
also observed this phenomenon but failed to determine whether these massed cells 
formed true plasmodia, as Geddes contends, or retained their individuality as later 
writers hold. E. A. Schafer (1883) maintains that clotting is due to the exuding of what 
he calls “coagulable material” by the leucocytes when the body fluid is removed from 
the shell. This “coagulable material” is unlike the fibrin of vertebrate blood but appears 

1 A thesis in zoology presented to the faculty of the graduate school of the University of Pennsylvania 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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to be closely allied to mucin. Schafer's paper, however, was only a preliminary notice, 
and it seems that he never completed his investigation. 2 

METHODS 0E STUDY 

The methods used in these experiments are comparatively simple. The procedure 
followed was to determine the difference in time of clotting of normal body fluid and of 
body fluid after treatment with different reagents. Equal amounts (8 cc.) of the body 
fluid from the same animal were placed in two different paraffined Stender dishes. Two 
cc. of the tissue extract or of the reagent to be tested were then added to the fluid in one 
container and an equal amount of sea water added, as a control, to the fluid in the second 
container. The difference in time of clotting was then observed. Clotting was deter¬ 
mined to have taken place when the corpuscles were precipitated in typical clot forma¬ 
tion. This precipitation is made more distinct by the accompanying pigment liberation. 
The end point is reasonably sharp and can scarcely be mistaken. Whenever necessary, 
clotting could be hastened by rotating the container. It was found to be practically 
impossible to remove the body fluid without its showing some signs of clotting. In order 
to prevent clotting from taking place too rapidly, it was found necessary to withdraw 
the fluid from the animal by means of a finely pointed, well-paraffined pipette. The point 
of this pipette had been rounded by heating in order to decrease the amount of injury to 
the membrane when the pipette was injected through it. 

Another method was to inject i or 2 cc. of the reagent into the body cavity after first 
making a small opening in the membrane opposite to the point of injection in order to 
allow the escape of excess fluid. The membrane was then carefully removed to deter¬ 
mine if the injected material had caused clotting within the shell. 

RESULTS 

Cellular nature of clot .—As already pointed out, certain observers had noted the cel¬ 
lular nature of the dot. It was thought possible, however, that in addition there might 
be some intercellular dotting. To determine if any such dotting took place, it was 
necessary to separate the cells from the fluid. This was accomplished by filtering the 
body fluid as it flowed from the shell. All the cells remained on the filter, and a clear fluid 
passed through. This fluid gave no coagulation on dilution; but, if the cells were sus¬ 
pended in water, they did form a typical dot. There was no plasma dot formation as is 
characteristic of certain other invertebrate forms. 

Action of tissue extracts .—The well-known influence of tissue extract on vertebrate 
blood suggested testing the effect of extracts of invertebrate tissues on the body fluid of 
the sea urchin. These extracts were prepared by thoroughly grinding the tissues in the 
mortar crucible and then filtering with a suction filter. 

A tissue extract of the shell of Arbacia minus the spines and all the internal structures 
causes dot formation within a few seconds. Extracts of the intestine or of any of the 
other internal structures will produce the same effect. These extracts are effective in 
dilutions of one to fifty. 

Extracts of starfish, crustaceans, and mollusks gave the same results as Arbacia 
extracts. The crustacean extracts were muscle extracts, whereas extracts of the entire 

* This problem was suggested by Dr. L. V. Hdlbrunn. I wish to take this opportunity to express my 
appreciation for his kind advice and criticism. 
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animal were used in other cases. Some of these extracts such as those of Limttlus , the 
blue crab, Venus mercenaria , and Mactra were even more effective than Arbacia ex¬ 
tracts. Extracts of frog’s muscle had no effect on clot formation. Thrombin and cephalin 
likewise had no effect. The fact that vertebrate muscle extracts have no effect on in¬ 
vertebrate clotting has been reported by Nolf (1909). 

All these extracts also brought about a liberation of the pigment of the cells, changing 
the color of the body fluid from red to orange. 

An extract of previously clotted material seems to hasten clotting with the same 
effectiveness as extracts of Arbacia and other invertebrates. This extract was prepared 
by grinding a large amount of clotted material in a mortar crucible in which ground glass 
had been placed. 

TABLE 1 


Extracts 

Average Time 
of Clotting 
(Seconds) 

Control 

(Seconds) 

Arbacia (shell). 

52 

70 

28 

34 

49 

40 

38 

58 

83 

58 

68 

42 

96 

3.318 

S.aoo 

4,098 

3,024 

3 . 15 ° 

3,780 

2,760 

4,356 

5,130 

2,988 

3 , 36 o 

3,940 

4,632 

Starfish. 

Limulus . 

Blue crab. 

Spider crab. 

Venus mercenaria . 

Mactra . 

Ostrea . 

Shrimp. 

Boilea Arbacia eggs. 

Broken Arbacia eggs. 

Clotted material. 

SDerm. 



Arbacia eggs which have been broken up in ground glass, or eggs which have been 
boiled, will also cause clot formation. Sperm extract has the same effect. Whole eggs 
which have not been boiled seem to have no effect on dot formation. 

At least twenty-five experiments were performed with each extract. Concentrated 
extracts were used in all cases. The average time of dotting in these experiments is listed 
in Table 1. 

The rather high average time of clotting in the controls in the case of shrimp, starfish, 
and sperm is probably due to the fact that in these cases the body fluid of fresh Arbacia 
was used. The body fluid of fresh Arbacia seems to dot more slowly than that of Arbacia 
kept in an aquarium for four or five days. 

These extracts were also injected into the body cavity, and, when the membrane was 
removed, the fluid had already dotted within the shell. Such dotting does not take place 
under normal conditions when the membrane is removed very carefully (PI. I, Figs. 
1 and 2). 

Certain investigators have described a breakdown of what they call pigment granules 
imbedded in the jelly of the sand dollar egg when the eggs are broken under pressure. 
They have also noticed the fusion of these granules at different times. These so-called 
pigment granules resemble very dosely the pigmented cells found in the body fluid of the 
sand dollar. It seems probable that in reality they are pigmented blood cells that have 
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been caught in the jelly of the egg. The pigment granules of these cells are dispersed 
throughout the cells in the same manner as they are in the body fluid cells. There also 
seems to be present a definite nucleus and cell membrane which become even more 
definite after the pigment granules have broken down. These same cells can be found 
at various places in the ovaries and testes and are not confined to the egg jelly. When 
the egg is broken under pressure and the exudate comes in contact with these cells, the 
pigment granules break down just as the pigment granules of the body fluid cells of 
Arbacia break down when treated with Arbacia egg extracts. 

Action ofK and Ca .—It is well known that the inorganic ions play an important role 
in physiological processes, and for this reason it was thought advisable to test the effect 
of some of these ions on the body fluid of the sea urchin. 

An isotonic solution of KC 1 or of any of the K salts appears to have exactly the same 
effect as the tissue extracts. If 2 cc. of this solution is added to 8 cc. of body fluid, a dot 

TABLE 2 


Salt 

Average Time 

1 of Clotting 

(Seconds) 

Control 

(Seconds) 


96 

3,689 

0.53 MKC 1 . 

82 

3,458 

0.53 M KNOj. 

68 

4,268 

0.53 M KSCN. 

43 

3,964 

0.3 M CaCla. 

334 

3,810 

0.3 M BaCL. 

402 

4,319 

0.3 M SrQj. 

38S 

3,748 


appears within a few seconds and pigment liberation also takes place. This isotonic 
solution can be diluted twenty times and still be effective (Fig. 3). 

CaCl a also hastens dotting but not to the same extent as KC 1 . BaCb and SrCl 3 appear 
to have the same effect as CaCl 3 . 

Solutions of 0.53 M KC 1 and 0.3 M CaCl 3 were used as isotonic solutions, although 
some authors give slightly higher molarity values. However, 0.53 M solutions in the 
case of monovalent ions and 0.3 M in the case of divalent ions are commonly used as 
isotonic solutions because in such solutions Arbacia eggs neither shrink nor swell. 

The K salts appear to be effective in the following order: S 0 4 < Cl < N 0 3 < SCN 
(see Table 2). If these solutions are injected into the body cavity, dotting will take place 
within the shell. 

The white or colorless amoeboid cells in the body fluid seem to be composed of 
granules of the same size and shape as those in the red amoebocytes, and these white 
granules also appear to break down under the influence of K and Ca. 

Action of fat solvents .—Solutions of fat solvents appear to have an accelerating effect 
on dot formation. These solutions were as effective as the KC 1 solutions and also 
brought about pigment liberations. Comparative results are shown in Table 3. 

Temperature effects .—Gradual exposure of Arbacia to temperatures ranging from 
o° C. to io° C. seems to have a slightly inhibitory effect on dot formation. However, if 
the body fluid is suddenly placed in a Stender dish which has been cooled to o° C., the 
pigment granules break down immediately, and the cells form a dot. 

[Physiological Zoology 
















CLOT FORMATION IN ARBACIA 


393 


In the same way gradual exposure to high temperatures has no observable effect unless 
the Arbacia is killed by heating* At temperatures above 40° C. the body fluid seems to 
be permanently altered and will not clot. However, if the body fluid is suddenly placed 
in a Stender dish which has been heated to a temperature of 40 0 C*, pigment liberation 
and clotting ensue within a few seconds. 

Effect of foreign bodies .—If a piece of boiled intestine or a piece of the membrane or a 
grain of sand is introduced into the body fluid, the blood cells accumulate around it and, 
by agglutinating, form a solid mass somewhat similar in appearance to the formation of 
a thrombus around a foreign body introduced into the blood vessel of a vertebrate. In 
the case of the sea urchin this thrombus-like mass consists of dotted cells. The cells 
react in the sa m e way to any foreign body. If any air bubbles are in the fluid, a dot can 
be seen to form around the outer edges. 

TABLE 3 


Fat Solvent 

Average Time 
of Clotting 
(Seconds) 

Control 

(Seconds) 

2 per cent ether. 

S6 

4,260 

S per cent acetone. 

66 

3.696 

0.13 per cent chloroform. 

48 

3,228 

2 5 per cent chloral hydrate. 

72 

4,020 

2 per cent acetonitrile. 

42 

4,158 

5 per cent alcohol. 

82 

2,970 


Mechanical stimulation .—If we remove the body fluid from the body cavity with 
extreme care and then place a drop of this fluid on a slide and examine it microscopically, 
a marked difference can be noticed between the cells suspended in the plasma and those 
that have dropped to the surface of the slide. In the former almost all the granules 
remain unchanged, and no dotting of the cells has taken place. In the latter the cell 
granules are broken down to a great extent, and dotting has taken place. The mechanical 
irritation of the slide appears to produce pigment liberation and dotting. If the fluid is 
stirred with a glass rod, the cells readily adhere to it; and, upon examination, it is found 
that the pigment granules of such cells have broken down. If some of the cells are placed 
on a slide under a cover dip, and the water removed from under the cover dip until it 
exerts a pressure on the cells, the pigment granules can be seen to break down immedi¬ 
ately, and cells that are dose to one another seem to fuse to form small individual dots 
(Figs. 4 and 5). 

Electrical stimulation .—Passing a direct current through the body fluid appears to 
hasten dotting considerably and also to bring about pigment liberation. Clotting takes 
place under these circumstances in about 4 or $ minutes while the controls dotted in an 
average time of 35 minutes. 

The electrodes were prepared in the following manner: glass tubes of 9-mm. bore 
were filled at their tips with a 5 per cent agar gel made up in tap water. A saturated 
solution of CuS 0 4 was placed over the gel, and the copper wires dipped into this. The 
body fluid was placed in a 2-inch Stender dish and the electrodes placed at both ex¬ 
tremes of the dish. A current of $ milliamperes was allowed to flow through the fluid 
until pigment liberation and dotting took place. 
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Irradiation with ultra-violet light—The body fluid was irradiated from a Cooper- 
Hewitt quartz mercury vapor lamp, at a distance from the arc of 28 centimeters. The 
fluid was exposed for different intervals of time and then examined. Pigment liberation 
and clotting took place after the cells had been exposed for 4.5 minutes, the controls in 
this case clotting in an average time of 42 minutes. Longer exposure produced a more 
profuse liberation of pigment. A single typical clot is not formed under these circum¬ 
stances, but the cells seem to adhere to one another so as to form a number of small 
isolated dots. 

Effect of hypertonic solutions .—Hypertonic sea water also hastens dotting and brings 
about pigment liberation. These hypertonic solutions were made by adding 8 cc. of 
2.5 M NaCl solution to 50 cc. of sea water. Under the influence of these solutions pig¬ 
ment liberation and clotting took place in about 3 or 4 minutes while the controls dotted 
on an average of 39 minutes. 

Anticlotting agents .—The reaction of the body fluid cells to stimulating agents sug¬ 
gested that perhaps dotting may be prevented by anesthetic agents such as Mg, although 
the fat solvents reacted in just the opposite manner and hastened dotting. Reagents 
such as oxalate and dtrate which act as anticoagulants in vertebrate blood dotting were 
also tested. 

If an equal amount of a saturated solution of MgS 0 4 is injected into the body cavity 
or added to the body fluid as it flows from the shell, dotting will be indefinitely delayed. 
An isotonic solution of MgCl a will also inhibit dotting if added in the proportion of about 
three parts of MgCla to one part of body fluid. 

If an equal amount of isotonic MgCl a is added to an isotonic solution of KC 1 or CaCl a , 
the K and Ca seem to be antagonized by the Mg and do not cause dotting or pigment 
liberation. The same is true if an equal amount of isotonic MgCla is added to the tissue 
extract; the tissue extract also seems to be inhibited and does not cause dotting or pig¬ 
ment liberation. 

A 3 per cent solution of formalin will also inhibit dot formation. In this case, how¬ 
ever, the cells are evidently killed as they move about very feebly or do not move at all. 
The cells seem to react to this solution in the same manner as when they are heated to 
high temperatures, i.e., they assume a spherical shape and withdraw their pseudopodia. 

A 10 per cent solution of peptone will also inhibit dotting. 

Sea water with a pH between 4.2 and 4.6 has a marked inhibitory effect on dot forma¬ 
tion but does not prevent it entirely. There are no gross signs of typical dot formation, 
but small dumps of cells may be observed under the microscope. 

If the body fluid is mixed while flowing from the shell with about twice its volume of 
0.3 M K-oxalate at pH 7.8, pigment liberation does not take place and dotting is in¬ 
definitely delayed. The fluid must be transferred here from the shell to the oxalate very 
rapidly and must be mixed thoroughly by stirring. The cells not only do not agglutinate 
to one another but do not adhere to foreign bodies. 

Pigment liberation and dotting can also be inhibited by the same process in 0.27 M 
Na dtrate at pH 7.8. In both the oxalate and dtrate solutions the cells, both pigmented 
and nonpigmented, take on a rounded appearance and withdraw their pseudopods. 

When body fluid is added as a control to sea water of the same volume as the oxalate 
and dtrate, dotting takes place normally. 

If tissue extracts, K salts, or hypertonic solutions are added to oxalated or dtrated 
body fluid, neither pigment liberation nor dotting takes place. Mechanical stimulation, 
ultra-violet irradiation, or an electric current also have no effect upon material so treated. 
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The fat solvents, however, do bring about pigment liberation in both the oxalated and 
the citrated material. Perhaps these reagents are able to penetrate somewhat more deep¬ 
ly into the interior of the cell and cause the ionization of Ca which may be bound there. 

DISCUSSION 

As a result of these experiments it would appear that normal clotting in the body fluid 
of Arbacia is induced by the liberation of an injury substance when any tissue of the 
body is damaged. This seems to be evident from the effect of tissue extracts on clotting 
and from the fact that, if a needle is pushed through the membrane and the inner wall of 
the test scratched, a dot appears in that region. The-effect of this injury substance can 
be duplicated by K and Ca and certain other reagents. That this substance is not K is 
evident from the fact that the tissue extract is effective in much higher dilutions than is 
K.. However, from the action of K and Ca on the body fluid, one would be led to venture 
a suggestion that perhaps both these ions indirectly produce the injury substance. 

In some respects dotting of the body fluid of the sea urchin is related to stimulation, 
in others to dotting as it occurs m vertebrates. Whenever the cells of the body fluid are 
stimulated either by chemical or by physical means, a breakdown of pigment granules 
results. Clotting of the cells is always accompanied by this granule breakdown, and any 
reagent which prevents pigment liberation will also prevent dotting. Leo Loeb (1905), 
working upon dotted body fluid of Lirmdus , noticed this association and suggested that 
“it might be very well possible that the same conditions which change the shape and 
produce the stickiness of cells have also a dissolving influence on the granules.” It is 
also very probable that the breakdown of pigment granules is concomitant with the 
release of caldum from the surface of the cells as this reaction can be prevented by 
oxalating or dtrating the body fluid. Tissue extract and certain chemical and physical 
stimulants are evidently able to bring about this release of Ca from the surface of the cell 
but are prevented from so doing by the presence of oxalate or ritrate. All these results 
appear to be in conformity with the hypothesis developed by Heilbrunn, that a primary 
effect of stimulation is the release of caldum from combinations located in the periphery 
of the cell. This release of Ca in the case of the cells of the body fluid seems to be in¬ 
timately related to dot formation. 

It is also interesting to compare the release of pigment from the cells of the body fluid 
when tissue extracts and KC 1 are added, with the loss of pigment in Arbacia eggs follow¬ 
ing cytolysis or injury. It is not improbable that there is more than a surface similarity 
between these two phenomena. 

A like phenomenon is also present in the case of the yellow pigment granules in 
Arcnicola larvae. The experiments of Lillie (1909) were repeated, and it was found that 
the same reagents that cause pigment liberation in cells of the body fluid of Arbacia also 
produce pigment liberation in Arenicola larvae. After the pigment granules have been 
broken down, the larvae agglutinate to one another, forming fairly large masses in some¬ 
what the same maimer as the body fluid cells agglutinate. Ralph Lillie first described this 
phenomenon but attributed the release of pigment to an increase in permeability after 
treatment with certain salts such as chlorides of K, Ca, and Na. This view hardly seems 
in agreement with the belief that Ca decreases permeability. This release of pigment can 
also be prevented by oxalating or dtrating the larvae. This reaction, therefore, seems to 
be dependent upon the presence of Ca. 

The problem presented here is similar in some respects to the problem upon which so 
much experimental work has been done in the case of the higher vertebrates. For here 
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too we have a circulatory medium which does not clot while in the animaVs body but 
coagulates whenever the body wall is wounded and the body fluid is in danger of being 
lost. It seems strange that so little experimental work has been done on this problem in 
the case of the invertebrates. Evidence derived from more experimental work on the 
lower forms may very probably throw some light on the amazingly large number of 
contradictory theories presented as an explanation of blood-dotting in the higher verte¬ 
brates. Certainly, there is some similarity between the two forms of dotting. We know 
that for dotting to take place in the higher forms at least three things are necessary: 
Ca, the tissue factor, and thrombin under the influence of which fibrinogen is converted 
into fibrin. In the case of the sea urchin it seems probable that Ca and the tissue factor 
must also be present before dotting can take place. It seems probable, also, that some 
thing necessary for dotting may be contributed by the cells. As long as the cells are 
intact, the body fluid does not clot; but, as soon as the pigment granules break down, 
dotting takes place. It seems evident that something is liberated from the cells with the 
breakdown of pigment granules that has effect on dotting. The fact that some substance 
can be extracted from previously dotted material which will cause dotting in freshly 
died body fluid also lends support to this belief. This substance contributed by the cells 
may be somewhat of the nature of an agglutinin which is present in the cells in an 
inactive state and is activated by the tissue factor just as thrombin may be activated by 
the tissue factor in mammalian blood. This agglutinin-like substance may be the “coag- 
ulable material” which Schafer (1883) believes to be responsible for dotting in the sea 
urchin. Just how these three factors—Ca, the tissue factor, and the agglutinin-like sub¬ 
stance—react to cause dotting is somewhat a matter of speculation just as it is a matter 
of speculation as to how Ca, the tissue factor, and thrombin react to cause dotting in 
mammalian blood. This problem can be solved only by further experimentation. 

More experimental work in the different animal phyla and a comparison of the condi¬ 
tions existing in them may throw some light on the stages through which this property 
of dotting, so highly exhibited in mammalian blood, was developed in the process of 
evolution. 


SUMMARY 

1. The clot is due to cellular elements, and no dotting can occur after these are 
filtered off. 

2 . Arbacia extracts bring about clot formation when added to the body fluid. Extracts 
of crustaceans, mollusks, and starfish produce the same effect, some being even more 
effective than Arbacia extracts. Arbacia eggs broken up in ground glass or boiled also 
hasten clot formation. Sperm extract has the same effect. These extracts also bring 
about a breakdown of the pigment granules. 

3. K, Ca, Ba, and Sr also cause dot formation and granule breakdown, K being most 
effective. 

4. Dilute solutions of fat solvents bring about dotting in the body fluid. 

5- The addition of a foreign body to the perivisceral fluid will cause a dot to form 
around it. 

6. Hypertonic solutions, electrical stimulation, ultra-violet irradiation, and mechani¬ 
cal stimulation also cause pigment liberation and dotting. 

7. MgCh prevents dotting and also inhibits the action of any of the agents causing 
clotting. A 10 per cent solution of peptone will also inhibit dotting. 
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8. Sea water with a pH between 4.2 and 4.6 has a marked inhibitory effect on dot 
formation. 

9. If the body fluid is thoroughly oxalated or citrated, neither pigment liberation nor 
dotting takes place regardless of the type of stimulus. 

10. Clotting in the perivisceral fluid is normally induced by the liberation of an injury 
substance when any tissue of the body is damaged. 

xi. Clotting in the body fluid of Arbacia is related in some respects to stimulation, in 
others to vertebrate blood dottings. 

12. The results seem to be in agreement with the hypothesis that, when stimulants 
act on cells, they cause a release of calcium from combinations located in the periphery 
of the cell. In the case of the cells of the body fluid, this release seems to be intimately 
associated with clot formation. 
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PLATE I 

Fig, i.—Cells before granular breakdown. 

Fig. a.—The same cells in which the granules have broken down after treatment with 
Arbacia shell extract. 

Fig. 3 —Cells undergoing granular breakdown after treatment with KCL In some of the 
cells the granules have already broken down, in others they are just about to break down. 

Figs. 4 and 3.—Cells before and after granule breakdown under pressure exerted by the cover 
slip when water was removed from under it. 
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* 



ABUNDANT FEEDING FOLLOWED BY RESTRICTED FEEDING 
AND LONGEVITY IN DAPHNIA 1 
(Four figures) 

H. HOWARD DUNHAM 
Brown University 

V ARIOUS studies have been made to determine the effects of underfeeding dif¬ 
ferent animals during the early part of life, followed by abundant feeding for the 
remainder of life. Studies by Jackson and Stewart (1920) and by Osborne and 
Mendel (1915) with the albino rat showed that early suppression of growth by limita¬ 
tion in food supply did not cause a loss of ability to resume growth when the diet was 
made adequate at a later time. A similar study by McCay, Crowell, and Maynard 
(i93S) gave similar results and showed, in addition, that the life-span of male rats was 
increased when they were given a limited amount of food for a considerable period early 
in life and were well fed later. 

Of chief importance for the study to be reported in this paper is the work of Ingle 
(1933) and of Ingle, Wood, and Banta (1937), who, using dadoceran material, showed 
that limitation in amount of food early in life, followed by good feeding for the remainder 
of life, was an effective method of prolonging the life-span in Daphnia longispina. The 
present paper is concerned with the effect to be obtained by subjecting D. longispina 
to limitation in amount of food at a later period in life after the animals had been well 
fed during an earlier period. 

Cladoceran material is suitable for such experimental work because consideration of 
hereditary characteristics affecting growth, longevity, and reproduction may be disre¬ 
garded in view of the fact that D. longispina reproduces by diploid parthenogenesis. 

MATERIALS AND METHODS 

One done of D. longispina was used for all the experiments to be reported here. The 
animalB were taken from Dr. Banta’s Line 1284, a line which has been maintained in 
the laboratory by parthenqgenetic reproduction since it was started from animals 
taken from the wild at Ocala, Florida. All the experimental animals were partheno- 
genetically produced females. This line is maintained in the laboratory in Banta’s 
(1921) manure infusion medium, and this medium or a dilution of it was used through¬ 
out these experiments. 

Under ordinary laboratory conditions parthenogenesis is nonnal, and sexual repro¬ 
duction occurs only when it is purposely initiated. A young female at birth measures 
about 0.6 mm. in length, is free swimming, and resembles the adult female except in 
size and form of brood chamber and condition of ovaries. Under normal conditions 
(unlimited food and room temperature) the young animal passes through the three 
juvenile inatars in about that number of days. The fourth instar, during which eggs 
appear in the ovaries, is the adolescent instar. At the beginning of the fifth instar, the 

* The author Is indebted to Dr. A. M. Banta for ma ny thoughtful suggestions and much helpful 
criticism during the course of this work. 
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first adult instar, the first clutch of eggs passes from the ovaries into the brood chamber, 
where they are retained during development. At the close of this instar, young are 
released from the brood chamber and a generation cycle is completed. If culture con¬ 
ditions are favorable, an individual mother may live 1&-20 or more instars, produce 
200-300 or more young, and attain a maximum size of about 2.8-3.0 mm. 

Since the present experiments were concerned with longevity, it was a matter of 
prime importance to start an experiment with young animals of known age; and it was 
considered advisable, though not imperative, that all animals used in an experiment 
should be of the same age. In every series except one, all the animals used had been 
released within a period of 6 hours. To obtain a large number of animals of the same 
age, about 150 mothers were taken from the laboratory stock and put separately into 
200-cc. wide-mouthed bottles each containing about 100 cc. of manure infusion medium. 
These stock mothers were kept in an incubator at 25° C. and were transferred to fresh 
bottles every time they released a brood. The fourth, fifth, or sixth broods produced by 
these mothers were taken to start a series; the size of such broods was generally over 30, 
and at the time of their release the mothers appeared to be in prime condition. 

In order that all groups of a series be comprised of comparable animals, so far as 
possible, the young of each brood were distributed uniformly among the various experi¬ 
mental and control groups. Two control groups were provided in each series. One, the 
normal controls, consisted of mothers cultured throughout life in the normal culture 
medium containing an abundance of food; the other controls (“semistarved controls”) 
were a group cultured in a medium prepared by diluting this normal medium some 
thirty to forty times with pond water. Such dilute medium provided a relatively limited 
amount of food, which permitted animals to grow and reproduce only at a much lower 
rate than did mothers of the normal control group. Various experimental groups were 
provided by maintaining a number of animals in normal medium for a definite number 
of instars and then introducing them into dilute medium at the beginning of a definite 
instar. At the beginning of a series each animal was placed in a separate 200-cc. wide¬ 
mouthed bottle containing about 100 cc. of medium. The bottles were placed in trays 
and kept in an incubator maintained at a temperature of 2^-26° C. Because there was 
a difference of about i° between the top and the bottom of the incubator, it was found 
advisable to reverse the position of the trays within the incubator from time to time. 

Each animal was examined every 12 hours, and such animals as had produced a 
brood and molted since the preceding observation were measured with a microscope 
equipped with a micrometer eyepiece before being transferred to a bottle containing a 
fresh supply of the appropriate medium. The young produced were counted and dis¬ 
carded. All deaths of experimental animals were recorded at these 12-hour intervals. 

RESULTS 

The results of four complete series of experiments are reported here; they are referred 
to as Series I, H, III, and IV, according to the chronological order in which they were 
conducted. 

EFFECT ON LONGEVITY 

Series I was composed of four different groups, as listed in Table 1, which shows the 
average longevity for the animals in each group, together with average reproductive 
life, average number of young per mother, etc. The well-fed controls (normals) had an 
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average life-span of 30.3 days, a figure exceeded by the semistarved (“retarded”) controls 
by about 27 per cent (38.6 days). The normal controls produced, on the average, more 
than three times as many young as did the retarded controls, and the reproductive 
index (average number of young per mother per day of reproductive life) was nearly 
five times as high for normal as for retarded controls. Table 1 also shows that the aver¬ 
age longevity for a nima ls well fed to the sixth instar (29.1 days) was only slightly dif¬ 
ferent from the average (30.3 days) for normal controls. But the animals well fed to the 
beginning of the twelfth instar and then given the same limited food as the retarded 
controls had a considerably shortened average life-span (25.8 days), as compared with 
normal controls, the difference (4.5 
days) for these two groups being 
about 15 per cent of the average for 
normals. 

Survival curves (Fig, i) 2 show¬ 
ing the percentage of each group 
surviving each day in Series I 
throw light on certain points not 
apparent in Table 1. An examina¬ 
tion of these curves reveals that 
animals in the semistarved control 
group were more variable with re¬ 
spect to longevity than were ani¬ 
mals in the normal control group. 

The same was true for the group 
well fed to the sixth instar (about 
the sixth day), as compared with 
normal animals; but less variability 
was observed in the group well fed 
to the twelfth instar (about the 
eighteenth day). In other words, 
the slopes of the curves for normals 
and for animals well fed to the 
twelfth instar are relatively quite 
steep, showing that animals in these groups died off at a considerably faster rate than 
did animals in the other two groups. 

Table 1 also presents the data for Series II, which was similar in design to Series I 
except for the inclusion of two additional test groups. The results obtained in Series I 
had suggested that, if the limited food supply were imposed somewhat earlier than the 
sixth instar upon previously well-fed animals, an average prolongation of life might 
be effected. To test this, a group well fed to the beginning of the third instar was in¬ 
cluded in Series II. Likewise, a group well fed to the beginning of the ninth instar was 
included, to determine whether at this stage the animals might respond to limited food 
in about such a manner as did a group wdl fed to the sixth instar or whether such a 
group might react to the indicated change more after the fashion of animals derived 
of an abundance of food at the twelfth instar. Series IE was clearly a long-lived series 
as compared with Series I. 

* In the accompanying figures retarded controls are the same as Bemistarved controls. 
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Fig. i. —Percentage of each group surviving each day, 
Series I. Ordinates, percentage surviving; abscissas, days 
of survival I represents well-fed controls; II, semistarved 
controls; III , group well fed to sixth instar; IV, well fed 
to twelfth instar. 


TABLE 1 

DATA ON LONGEVITY AND REPRODUCTION 


Group 

No. of 
Mothers 

Longevity 

(Days) 

Reproduc¬ 
tive Life 
(Days) 

Young per 
Mother 

Reproduc¬ 

tive 

Index 

No. of 
Broods 

Young per 
Brood 


Series I 

Normals. 

45 

42 

46 

30-30 

38.62 

29.08 

24.16 

32.10 

23 38 

269.40 
74-50 
99 46 

II. 30 

H.63 

13 10 
IO.15 


_ 

2.40 

Well fed to sixth ins tar... 

4-25 

Well fed to twelfth instar.. 

57 

25-77 

19 98 

165.53 

8.28 

944 

ii 


Series 11 

Normals. 

47 

34 

39 

36 61 
46.35 
40.52 

29.66 

36.63 

33.85 

260.62 

8.79 

2.14 

11.47 

14.15 

13-49 

22.73 

554 

5.17 

Samijifarvpri . 

78.44 

69.67 

Well fed to third instar.... 

2.12 

Well fed to sixth inBtar... 

38 

39.12 

33.33 

71.21 

2.20 

12 84 

5-54 

Well fed to ninth instar... 

46 

28.9s 


III.78 

5.06 

9.22 

12.13 

Well fed to twelfth instar.. 

51 

28.08 


162.04 

7.80 

8.82 

18.36 





Series III 


A 


Normals surviving ninth 









43 

33-49 

26.62 

21344 

8.02 

9.98 

21-39 

. 

Semistarved surviving 

ninth instar. 

35 

3716 

30 OO 

99-43 

331 

11.26 

8.83 


Well fed to ninth instar sur¬ 


viving ninth. 

33 

26.03 

19-56 

73-30 

3-75 

5-4-8 

I3-36 

Graduated ninth to twelfth 






instar surviving ninth... 
Normals surviving twelfth 

33 

24.32 

17-77 

66.61 

3 75 

8.01 

4-36 

15*26 

instar... 

4i 

34-30 

27.40 

219.37 

10.24 

21.41 

Semistarved surviving 

twelfth instar. 

34 

3769 

30.54 

• 

101.03 

3.31 

11.44 

8.83 

Weil fed to twelfth instar 

surviving twelfth. 

40 

28.76 

22.08 

135-30 

6.13 

6-95 

19-47 



Series IV 

Normals surviving ninth 

— 







instar. 

48 

33-49 

26.67 

161.42 

6.05 

9-38 

17.22 

Semistarved surviving 

ninth instar. t . 

48 

36.86 

28.69 

81.96 

2.86 

II. 17 

7-34 

Well fed to sixth instar sur¬ 

viving ninth. 

46 

33.07 

*4-35 

98.98 

4.08 

9.20 

10.76 

Well fed to ninth instar sur¬ 

viving ninth. 

48 

31.23 

34-30 

126.25 

5.20 

9.31 

I3-56 

Graduated ninth to twelfth 

instar surviving twelfth. 
Normals surviving twelfth 

39 

30.60 

33*96 

I34-26 

5.60 

9-31 

14.4a 

fnatar. 

40 

36.30 

39-58 

178.33 

6.03 

10.35 

17.23 

Semistarved surviving 

twelfth instar. 

45 

37-90 

29.60 

84.31 

3.85 

II. 51 

7-3« 

Well M to twelfth Imtar 

surviving twelfth. 

32 

30.33 

33.64 

1x8.00 

4-99 

7.66 

15.41 
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In Series II the semistarved control animals lived 25 per cent longer than normal 
controls. In this experiment the groups well fed to the thir d and to the sixth instars 
gave very s imil ar results and showed a fair increase in longevity over the normal animals . 
They did not, however, approach the semistarved control group in longevity. The 
data (Table 1, Ser. II) for the groups well fed to the ninth and twelfth instars are in 
rather close agreement, especially as regards average longevity. The results obtained 
here seem to indicate that between the sixth and the ninth instars well-fed Daphnia , 
become physiologically incapable of passing from an environment rich in food into one 
contai nin g only a limited food supply without suffering a resultant decrease in longevity, 
whereas until or before the sixth 


instar they seem physiologically 
capable of becoming adjusted to 
the change to the extent that the 
average longevities of the groups 
may be increased as compared with 
normal controls. 

In comparison with control 
groups in Series II, there was a 
high degree of variability with re¬ 
spect to longevity in the groups 
well fed to the third and to the 
sixth instars and an intermediate 
degree of variability in the groups 
well fed to the ninth and to the 
twelfth instars. This is shown in 
Figure 2 where the percentage sur¬ 
viving in each group each day may 
be read from the survival curves 



plotted for each group in the Fra. 2. — Percentage of each group surviving each day, 
series. These curves (for the groups Seriea H- Ordinates, percentage surviving; abscissas, days 

transferred at the sixth, ninth, and of su ™ va L / tepresen * wdl-fed rantrols; //, semistaiyed 
. if., ■ i controls; III, group well fed to third matar; IV, ■well fed to 

twelfth mstars—approximately the ^ instar; V, well fed to twelfth roster; VI, well fed to 
sixth, twelfth, and eighteenth days, ninth instar, 
respectively) plainly show that 

relatively large numbers of animals in the test groups dropped out in a comparatively 
short time after being changed from normal to dilute medium, but that the animals sur¬ 
viving the change for a few days tended to drop out at a lower rate than was character¬ 
istic for controls during the latter part of the experiment. 

It will be recalled that a similar result was obtained in Series I with the group well 
fed to the sixth instar. These considerations led the author to suppose that the very 
decided decrease in amount of food given these previously well-fed animals in the various 
test groups at such time s as the animals were changed from normal to dilute medium 
constituted a severe "shock” to the animals which were at such times undoubtedly 
living at a high metabolic rate, since the normal medium provides approximately 
optimum conditions. Since considerable numbers in all test groups did survive and 
since these survivors died off at a lower rate than did normal controls during the latter 
part of the experiment, it seemed likely that, if normal animals were changed from 
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normal to dilute medium by stages instead of abruptly, a n im a l s thus gradually changed 
might become “conditioned” against the apparent shock. Such an attempt was made 

in both Series III and Series IV, 
3 . 0 |- • J n o - in which series were included 

groups as listed in Table i. In 
Series HI the “graduated” group 
v>^ 0 was arranged by putting a group 
f ^ of normal animals into one-tenth 

j j normal medium at the beginning 

ff of the ninth ins tar; into one- 

j0. // twentieth normal at the tenth; 

into one-thirtieth normal at the 
(X5- eleventh; and finally into one- 

fortieth normal at the beginning 

--j- j. --j--£- f -£-*-of the twelfth instar. The dilu- 

47 * tion used throughout for retard- 

Fig. 3. — Average length of animals in each group at birth ed controls in this series was one- 
and at beginning of each instar after fifth, Series I. Ordi- fortieth the normal Strength 
nates, body lengthin millimeters; abscissas, numberofustar. ^ condition 

7 represents well-fed controls; 77 , group well fed to twelfth in- . . j j 

star; III, well fed to sixth instar ;7 V, semistarved control group, animals against a Sudden 

change of medium failed, as is 
evident from an examination of Table 1 (Ser. III). It seemed possible that the earlier 
steps of the graduating process should be smaller, since one-tenth the normal medium 


Fig. 3. —Average length of animals in each group at birth 
and at beginning of each instar after fifth, Series I. Ordi¬ 
nates, body length in millimeters; abscissas, number of instar. 
I represents well-fed controls; II , group well fed to twelfth in- 
star; III, well fed to sixth instar; 7 V, semistarved control group. 


had seemed to have as damag¬ 
ing an effect as did the one- 
fortieth normal into which the 
group well fed to the ninth in¬ 
star was changed abruptly. In 
Series IV another attempt at 
conditioning was made, the 
same as in Series III except 
that the steps used were one- 
half normal, one-fourth normal, 
one-tenth normal, and one-forti¬ 
eth normal. Table 1 (Ser. IV) 
shows that this attempt was 
again futile and that the “con¬ 
ditioned” animals were in most 
respects about equal to animals 
well fed to the ninth or twelfth 



instars and then semistarved. 3 

In both Series HI and IV 
large numbers of animals in 
the groups well fed to the ninth 


Fig. 4. —Average numbers of young per brood for all groups, 
Series I. 7 represents well-fed control group; 77 , group well fed 
to twelfth instar; 777 , well fed to sixth instar; IV, semistarved 
control group. Ordinates, number of young in brood; abscissas, 
number of brood. 


* In the author’s opinion neither Series HI nor Series IV is very significant, since some difficulty 
with culture medium was experienced in both aeries. Even normal controls in these two series were 
atypical in average longevity, etc., as compared with normal controls in Series I and Series H or as 
compared with normal animals reared by other workers in this laboratory. 
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and to the twelfth instars died during the first instar after the chang e from normal 
dilute medium. This was also true for the graduated group. For this reason no animals 
in these groups were considered in the data except those which survived one complete 
instar after the change. For purposes of comparison the data for control groups was 
treated similarly in these two series. 


BODY GROWTH 

The growth of all groups in each series was studied; but, since growth phenomena 
were much the same in all series, only the data for growth of the four groups studied in 
Series I will be considered in this paper. The average length of the animals at birth in 
all four groups was slightly over 0.6 mm. Growth was fairly rapid for all groups until 
the beg in n in g of the sixth instar, although there was a considerable difference between 
the growth of animals being maintained in normal medium and the growth of the semi- 
starved control group. As can be seen from Figure 3, the average maximum length 
attained by the normal animals was slightly over 2.8 mm., a size not attained until the 
beginning of the sixteenth instar. From the beginning of the twelfth instar the semi- 
starved controls quite regularly measured around 2.2 mm. Neither the group well fed 
to the sixth instar nor the group well fed to the twelfth instar attained as great an average 
maximum length (2.4 mm. for the former group, and 2.7 mm . for the latter) as that 
reached by normal controls. The decrease in average length toward the end of the ex¬ 
periment shown for the test groups in Figure 3 may in part be ascribed to the fact that 
larger individuals in the two groups had a tendency to die earlier than did smaller ones, 
but in addition an appreciable number of individuals in these groups showed a positive 
decrease in length for 1 or 2 instars before death. 

SIZE OF BROODS 

The wide difference between the average number of young per brood for normal 
controls and for semistarved controls is apparent in Figure 4. Naturally, the group 
well fed to the twelfth instar was rather close to the normal controls until the period of 
starvation began, as was true also of the group well fed until the sixth instar. After the 
animals in these two groups had been transferred into the dilute medium, they promptly 
approached a level of reproductive activity about equal to that characteristic of the 
semistarved control group. 

DISCUSSION 

Ingle, Wood, and Banta (1937) showed that Dapknia which had been semistarved 
up to the beginning of the twelfth, fifteenth, or even eighteenth instars were physio¬ 
logically younger animals than normal controls at the same instars, as was apparent 
from their prompt resumption of rapid growth, increased reproductive activity, and 
increased longevity. They continued to live for a singificantly long time after both 
control groups had died. But the results reported here indicate that, when the opposite 
sort of treatment (well fed earlier and semistarved later) was imposed upon Dapknia, 
only those animals subjected to environments poor in food from the beg in n ing of the 
third or sixth instars were young enough to be able to adjust themselves to the lowered 
metabolic rate enforced by such an environment so as to live longer than normal control 
animals. Animals well fed to the ninth or twelfth instars and then semistarved suffered 
severely from lack of food, as was evident from the immediate, sharply increased mor¬ 
tality, the marked decline in numbers of young produced, the later negative growth in 
many individuals, and a somewhat shorter life-span as compared with normal controls. 
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Well-fed animals undoubtedly age rapidly, for they grow and reproduce at a compara¬ 
tively high rate. Perhaps the fact that they have aged considerably by the ninth or 
twelfth instars partly exp lain s the fact that some of them are incapable of becoming 
adjusted to living at a lower rate of metabolism and thus fail to survive very long when 
given only a limited amount of food. Such an interpretation leaves unexplained the fact 
that in some series a number of individuals survived after the change from normal to 
dilute medium for so long a time as to outlive the longest-lived, normal controls. 

Another point to be borne in mind is that animals well fed to the ninth or twelfth 
instars were considerably larger at these instars than were semistarved controls at these 
same instars, which, of course, means that these larger animals were composed of a 
greater mass of protoplasm and required more nourishment. Since they received the 
same treatment as semistarved controls after the beginning of the ninth or twelfth 
instars, they must have received less food in proportion to their size than did semistarved 
controls; hence, they were really more severely starved. A simple calculation based on 
body-length data taken from Figure 3 will serve to show approximately how great was 
the size difference at the beginning of the twelfth instar between the animals in the 
group well fed to the twelfth instar and those in the semistarved control group. The 
average length of the animals in the former group at this stage was 2.6 mm., while the 
average length for the latter group was 2.2 mm. In other words, the former figure is to 
the latter as the ratio 1.18:1.0. When this ratio is cubed, it appears that the average 
size of the well-fed group at this stage was approximately 1.64 times as great as the 
average size of the semistarved control animals. It seems reasonable that animals so 
much larger than semistarved control animals might be rather severely starved while 
semistarved control animals would not suffer from lack of food; furthermore, the latter 
animals were already adjusted to the dilute medium. 

SUMMABY AND CONCLUSIONS 

Longevity of D. longispina has been studied for groups of animals well fed to the 
beginning of the third, sixth, ninth, and twelfth instars and then provided with food in 
limited amounts (semistarved). Results for these groups have been compared with re¬ 
sults for controls well fed throughout life and with results for controls semistarved 
throughout life. Reproductive activity and growth were also studied for the various 
groups 

The data indicate that, when Daphnia are well fed to the beginning of the third 
instar and then semistarved, the average longevity of the group is about 10 per cent 
higher than the average for well-fed controls but about 13 per cent lower than for semi¬ 
starved controls. When Daphnia are well fed to the sixth instar and then semistarved, 
the average longevity of the group is near that for normal controls; and when well fed 
to the ninth or twelfth instars and then semistarved, the average longevity is lower than 
for well-fed controls. However, greater variability with respect to longevity is usually 
observed in these various test groups than is observed in a normal, control group; but 
maximum length attained and average numbers of young produced per mother are 
always lower in the test groups than in the well-fed, control group 

It seems to make little or no difference whether well-fed animals are changed sud¬ 
denly from normal to dilute medium or are introduced into the dilute medium by stages. 

The suggestion is made that animals well fed to the ninth or twelfth instars and then 
given a limited supply of food show a decreased average longevity as compared with 
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normal controls because they have aged considerably by the time the change is made 
and are therefore incapable of becoming adjusted to a scanty supply of food. It is also 
pointed out that animals well fed to the ninth and twelfth instars are about 1.6 times 
as large as semistarved controls at the same stages. Thus, when well-fed animals are 
given the same food as semistarved controls at these stages, they are in reality starved 
more severely than are the controls with which they are compared. 

The foregoing results, together with those of Ingle et al } indicate that Daphnia have 
relatively short lives if well fed for 9 or more instars and then given only a limited food 
supply; that Daphnia well fed throughout life (normal controls) stand next in order of 
longevity; that Daphnia continuously maintained in limited food live longer than con¬ 
tinuously well-fed animals; and that animals maintained in limited food for 9, 12, 15, 
or even 18 instars and then given abundant food show even greater longevity in direct 
proportion to the number of instars so maintained. 
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STUDIES IN MASS PHYSIOLOGY: EFFECT OF NUMBERS UPON 
T HE OXYGEN CONSUMPTION AND LOCOMOTOR ACTIVITY 
OF CARASSIUS AURATUS 1 

ARTHUR SHLAIFER 

Whitman Laboratory, University of Chicago 

R ESEARCH on animal aggregations has shown that many physiological proc¬ 
esses of animals are controlled or modified by the number of animals mutually 
l. participating in these processes. Allee (1931 and 1934) has comprehensively 
reviewed the work that has been done in this field. “Group effects” have been found 
for breeding, hibernation, estivation, growth, death-rate, resistance to toxic agents, 
and other processes. An effect of grouping on oxygen consumption has been demon¬ 
strated by Allee (1927), Schuett (1933 and 1934), and Bowen (1932). 

Schuett (1933), attempting to bridge the gap between the solitary fishes and those 
which exhibit highly integrated mechanisms of aggregation, reported that, in a given 
volume, the oxygen consumption of isolated goldfishes was significantly higher than if 
in a group of four. Stating that the unmodified Winkler technique he had used for 
determining oxygen tension was at fault, owing to nitrite contamination, Schuett (1934) 
repeated his experiments, using the permanganate modification of the Winkler method, 
and found no significant difference in oxygen consumption between goldfishes in isola¬ 
tion and in groups of four. Schuett (1934) and Escobar, Minahan, and Shaw (1936) 
pursued the analysis of the problem by determining the effect of grouping on the loco¬ 
motor activity of goldfishes; they found a significantly higher rate of activity if the 
animals were isolated than if they were grouped. 

It has been the purpose of the present studies to repeat the analysis of this problem 
and to find the correlation, if any, between oxygen consumption and locomotor activity. 

MATERIALS AND METHODS 

The goldfish, Carassius auratus Linnd, was the experimental animal throughout. 

The oxygen consumption was determined by means of the modified Winkler tech¬ 
nique, as described by Allee and Oesting (1934). The permanganate modification was 
used to eliminate the error due to nitrite contamination. Samples of water were taken 
immediately before and after the test period. These were analyzed for oxygen in terms 
of cubic centimeters of dissolved oxygen per liter of water. The difference, multiplied 
by the number of liters of water used and divided by the number of fishes in the group, 
yields the oxygen consumption per fish. 

Heavy mineral oil was used as a seal to prevent the leakage of oxygen from the air 
into the water during the course of the experiments. The oil seal was approximately 
3.5 cm. thick. There is the criticism that mineral oil is not a perfect seal and that oxygen 
will diffuse through into the water and raise the tension. Control experiments show that 
this is true. The controls were run with oil that had been used from one to seven times 

1 The writer wishes to express his gratitude to Professor W. C. Allee for the suggestion of this problem 
and for his helpful advice and criticism. 
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during a period of 2§ weeks. Fishes in isolation, in groups of two, and in groups of four 
were allowed to bring down the dissolved oxygen content of the water to the average 
found at the end of the experiments on fishes in these respective groupings. This as¬ 
sures starting with the usual lower tensions used; and the leaks found are nearly or 
quite the ma xim um, not minimum., possible under the given conditions, since the oxygen 
leak is the greater (other things being equal) the lower the amount of dissolved oxygen 
in the oil-protected water. Results show a leakage range of from 1.15 per cent to 1.55 
per cent of the total oxygen available in both 6 and 12 liters in 3 hours. The greatest 
leakage occurs at tensions found at the end of the experimental period when four fishes 
are present. This means that the apparent oxygen consumption of the group of four 
has been decreased by the leak more than that of the group of two or of the isolated 
fishes. However, the actual difference in oxygen leaks of the various groups is almost 
negligible and is not sufficient to alter the conclusions reached in these experiments. 

The fishes for each day’s tests were picked at random from a lot of twenty selected 
so as to be approximately equal in size. Their length was between 8 and 10 cm. from 
the tip of the nose to the base of the tail. Animals of this rather large size were used 
because (1) one such fish consumes a measurable amount of oxygen in 3 hours; (2) a 
3- or 4-hour experimental period is less subject to variations—light intensity, for ex¬ 
ample—than is a longer period; and (3) the shorter the test period the less the oxygen 
leak through the oil. 

Rectangular, assembled aquariums whose maximum capacities were 7.5 and 15 
liters of water were used, the smaller when the experimental volume was 6, the larger 
when the experimental volume was 12 liters of water in all sets of experiments but two, 
in which the volume was only 6 liters. The dimensions in centimeters of these aquariums 
were: 


Liters 

Length 

Width 

Depth 


25 

30 

20 

13 (to the 6-liter mark) 
f 8 5 (to the 6-liter mark) 
\i7 (to the 12-liter mark) 

. 

ic . 

27 



Experiments A, B, C, and D on oxygen consumption were performed at the Hull 
Zoological Laboratory between the hours of 10 :oo a.m. and 4 :oo p.m. Well water was 
used at all times. Since the laboratory faces the north, the variations in light intensity 
were reduced to a minimum during the experimental hours. The temperature range 
was from 20° to 22 0 C. Experiments E, F, G, and H on oxygen consumption were per¬ 
formed at the near-by Whitman Laboratory. Since well water was not available, lake 
water, from which the chlorine and sediment had been removed by filtering through 
activated charcoal and limestone, was used. Temperature and illumination conditions 
were approximately the same as at the Hull Laboratory. All experiments performed at 
Whitman Laboratory were carried out between 12 ’.30 p.m. and 5 :oo p.m. The fishes were 
fed once a week, at the conclusion of a day's experiments, and were not used for at 
least 20 hours thereafter. 

At the end of each day’s experiments, the animals were placed into a common aquar¬ 
ium, from which they were picked at random to be placed in isolation, in groups of two, 
and in groups of four into aquari ums containing fresh water through which air was con- 
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stantly bubbled. These aquariums contained the same volumes of water as were used 
in the tests the next day. A 20-hour period of acclimatization was allowed in experi¬ 
ments A, B, C, and D and a 21-hour period in Experiments E, F, G, and H. Immedi¬ 
ately before each day’s tests the air tubes were removed, the water was again changed 
(except in the “conditioned’’-water experiments), and the aquariums were filled 1 liter 
above the mark. The extra liter of water was added to replace that lost in the process of 
obtaining three samples of water for analysis at the beginning of the experimental 
period. These samples were obtained immediately after placing a 3.5-cm. layer of oil 
on the water. At the dose of the test period, samples were again taken and analyzed. 

The experiments on locomotor activity were all performed at the Whitman Laboratory 
under the general conditions mentioned above. The volumes of water, the aquariums, 
and the feeding and acclimatization techniques were the same as those used in the 
oxygen-consumption experiments. Also, a 3.5-cm. layer of oil was placed on the water 
in order to duplicate more completely the general conditions of the experiments on 
oxygen consumption. In the activity tests the oxygen leak does not enter as a direct 
factor of error because activity is measured by the observer, not indirectly by chemical 
analysis. From the twenty fishes used in the oxygen-consumption experiments a group 
of seven in Experiments A, B, and C and a group of nine in Experiments D, E, F, and G 
were selected; all the animals selected had distinctive color patterns, so as to be readily 
identified, and were of approximately the same length. 

The technique employed in measuring locomotor activity was that described by 
Escobar, Minahan, and Shaw (1936) except that all observations were made by one 
person. Aquariums of the dimensions and capacities listed above were marked off 
with red India ink into 5-cm. squares on all four sides. Since not all of the dimensions 
of the aquariums were multiples of five, some of the boxes were rectangles rather than 
squares. However, movement of a fish into one of these smaller boxes was considered 
equivalent to movement into the larger squares, since the variable was the same for the 
various types of grouping. The 5-cm. squares, when viewed in space, constitute a 
series of imaginary cubes of 125 cc. capacity through which the animals pass when 
swimming. The eye of the fish was used as the anatomical landmark in judging whether 
it had passed from one cube into another. The swimming of a fish from one cube into 
another constitutes a “movement.” 

There are several sources of error inherent in this method. The greatest lies in the 
poor estimation of the number of cubes traversed by a rapidly moving animal. When it 
is moving in several planes at once diagonally across the aquarium, the error is in¬ 
creased. The error can be diminished to some extent by having the guide lines as nar¬ 
row as possible without obscuring vision. 

Another source of error is the fact that fishes may make several movements within 
a cube; these movements are not recorded in the count. Or they may, by one strong 
movement, traverse as many as five cubes; and we have no data concerning the oxygen 
requirements of relatively strong and relatively weak movements which move the 
animal through the same space. Also, in moving horizontally or vertically from one 
cube into another, a fish may traverse as many as 9 cm. or as little as 1 cm. 

No attempt has been made to differentiate vertical, horizontal, and diagonal move¬ 
ments. The observer is stationed about 2 feet away from the aquarium. It is essential 
that no sudden noises or movements occur during the observations, as the animals may 
react violently to them. At no time during the recorded experiments did the fishes 
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appear to be reacting to such external stimuli. Neither did they give indications of 
being aware of the presence of the observer. With some practice and the aid of two mir¬ 
rors placed so as to reflect the narrow sides, the observer facing the long side of the 
aquarium with his eyes below the level of the water can observe movements in three 
dimensions, though the accuracy is undoubtedly less than with three observers. 

Since the fishes were of distinctive color patterns, individual records could be kept. 
Each animal was observed for 5 minutes of each experimental hour. Each was placed 
in a different type of grouping each day so that possible variations might be more evenly 
distributed. Time was recorded by a stop watch. 

OXYGEN CONSUMPTION 

Oxygen tension is an important factor in experiments involving oxygen consumption 
of aquatic animals that utilize dissolved oxygen, and three general categories are 
recognized (Hyman, 1929): (1) animals completely dependent on the oxygen tension 
of the water (the lower the tension the less the respiratory rate; the higher the tension 
the greater the respiratory rate); (2) animals independent of the oxygen tension at the 
median ranges and dependent at the extremes; and (3) animals independent of the 
oxygen tension of the medium. Keys (1930) says that no general statements can be 
made for fishes and that at the asphyxia! level their oxygen consumption is very low. 
Toryu (1927) concludes that C. auratus is independent of the oxygen tension of the 
water between 7.5 and 2 cc. of oxygen per liter. This would indicate that it belongs in 
class (2). 

By correlating the oxygen tension at the end of an experiment with the total oxygen 
consumption of the fishes, it was possible to determine that the animals in the present 
set of experiments were independent of the oxygen tension from 7.0 to 1.5 cc. of oxygen 
per liter. Below this the oxygen-consumption rate was lower and drifted with the ten¬ 
sion. The results of the oxygen-consumption experiments listed are those in which the 
oxygen tension at the conclusion of the experiment was 1.5 cc. per liter or higher. 

In Experiments A-D of Table 1, each figure for the oxygen consumption per fish in 
a group of four is an average of the consumption of the four animals in that experiment. 
Similarly, the consumption per fish in a group of two is the average of the consumption 
of the two fishes. Each figure for the oxygen consumption of an isolated animal does 
not represent an average of four or of two fishes, each in isolation, but is the observed 
respiration by one. Hence, Experiments A-D in Table 1 do not represent an equal 
sampling. The fishes in a group of four have had the greatest sampling, and those in 
isolation the least. Experiments E-H of Table 1 do have equal sampling, since there 
are four times as many cases listed for isolated fishes as for those in a group of four and 
twice as many as for those in a group of two. 

Tables 1 and ia summarize the effect of grouping on the oxygen-consumption of the 
goldfish. In general, these tables indicate that isolated fishes consume more oxygen 
than do those in a group of two or four, and that fishes in a group of two tend to consume 
the same amount of oxygen as do those in a group of four. In some cases, e.g., B and F 
in the “I vs. II” column and H in the “I vs. TV” column in Table ia, the differences lack 
statistical significance. Conditions B and C in the “H vs. IV” column of Table ia 
indicate that fishes in a group of two have a significantly higher oxygen-consumption 
rate th an do animals in a group of four. The combined experimental means show very 
good significance for the “I vs. II” and “I vs. IV” relationships, while the ”H vs. IV” 
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relationship shows no statistical significance, though the P value is close to the upper 
limit of accepted statistical significance. 

TABLE 1 


Effect of numbers present upon the amount of oxygen consumed per fish 

BY GROUPED AND ISOLATED GOLDFISHES UNDER EXPERIMENTAL CONDITIONS 




I. One Fish 

II. Two Fish 

IV. Four Fish 

Experimental 

Condition 

Test 

Period 

(Hours) 

No. of 
Cases 

Mean Cc. 
Oj Con¬ 
sumed 
per Fish 

No. of 
Coses 

Mean Cc. 
Oi Con¬ 
sumed 
per Fish 

No. of 
Cases 

Mean Cc. 
Oa Con¬ 
sumed 
per Fish 

A x ’3.-».6. 

4 

13 

9.21 


5-67 

10 

4.64 

B 1 '-*’ 6 . 

4 

18 

8 46 


8.43 

8 

5.80 

C 1 ' 4 ’ 6 . 

4 

20 

9-45 


7.28 

11 

S 69 

. 

4 

34 

12.36 


8.17 

24 

8.24 

Eit4.fi. 

3 

30 

7 8 S 


5.82 

5 

5.07 

F*. s.fi 

3 

20 

8 76 


WEm 

5 

6.18 

G*>4,7. 

3 

12 

6.50 

6 

mEm 

3 

3-72 

HM-». 

3 

12 

7-54 

6 

ESS 

3 

4-15 

Average of com¬ 
bined means. 


8 

8.77 

8 

6.23 

8 

S 44 


Six liters of water. • Preliminary set. ' In 15-liter aquarium. » “Conditioned" water. 

* Twelve liters of water. • In 7.5-liter aquarium. 6 Unconditioned water. 


TABLE 1 a 

r 

STATISTICAL ANALYSIS OF TABLE I SHOWN IN P VALUES* 


Experimental Condition 

I vs. II 

I vs. IV 

II vs. IV 

A. 

.0028 

.0020 

.0800 

B. 

Nonef 

.0476 

.0044 

C. 

.0002 

.0000 

.0003 

D. 

.0004 

.0000 

Nonef 

E. 

.0148 

.0160 

.1216 

F. 

.0640 

.0370 

.4000 

G. 

.0040 

.0250 

.6620 

H. 

.0010 

■0950 

.4780 

A-H combined J.. 

.0012 

.0000 

.0566 


* Upper limit of significance is set at x>$. This is three times the probable error. A P-value 
of .00x0 Indicate* good significance, while a value of .xooo indicates no significance (“Student,” 

1925). 

t “None” indicates that no significance was calculated, since the means are almost Identi¬ 
cal. 

t In the com bin a tion of A-H In Table xa and A-G in Table 2a it must be noted that in 
some cases the oxygen consumption and locomotor activity of the fishes are significantly 
aSocted by differences in the quantity and quality of the water (see T&bles 4-9). However, 
the combinations are Justified since we are doling with sets of paired data. 

LOCOMOTOR ACTIVITY 

Tables 2 and 2 a summarize the effect of grouping on the locomotor activity of the 
goldfish. The general technique used has been described above. There has been equal 
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sampling for the fishes in each type of grouping, since individual records have been 
kept. Each animal has been in each type of grouping, in any given experiment, for the 
same period of time. The test periods were 3 and 4 hours, with each animal under ob¬ 
servation for 5 minutes of each hour of that time. 

TABLE 2 


Effect of numbers present upon the activity of grouped and isolated goldfishes 

UNDER EXPERIMENTAL CONDITIONS (RESULTS ARE IN TOTAL AMOUNT OF MOVE¬ 
MENT* PER FISH PER 5-MINUTE PERIOD OF OBSERVATION) 


Experimental 

Condition 

Test 

Pxriod 

(Hours) 

I. One Fish 

II. Two Fish 

IV. Four Fish 

No. of 

Cases 

Mean 

Activity 

No. of 
Cases 

Mean 

Activity 

No. of 

Cases 

Mean 

Activity 

. 

4 

7 

82 9 

7 

48.0 

7 

54-8 

B 1 * 4, 7 . 

4 

7 

SS-o 

7 

47.2 

7 

41.8 

0.4. 3.7. 

4 

7 

76.7 

7 

48.9 

7 

45 4 

D*,.' s > 7 . 

3 

9 

137-8 

9 

76.1 

9 

74-9 

EV.3,7. 

3 

9 

154-o 

9 

76.7 

9 

657 

. 

3 

9 

136.8 

9 

81 1 

9 

61.5 

Gv 4 ’’ . 

3 

8 

163.5 

8 

78.3 

8 

73-9 

Average of com¬ 








bined means. 

m 

7 

US-2 

7 

65.2 

7 

59-7 


• See discussion of locomotor activity under "Materials and Methods” for explanation of term "movement 1 

1 Six liters of water. * In 7.5-liter aquarium. 1 Unconditioned water. 

• Twelve liters of water. * In 15-liter aquarium. • "Conditioned” water. 

t Each case is the average of twelve 5-minute observation periods. 

• Tfttrh case is the average of six 5-minute observation periods. 

TABLE 2 a 

Statistical analysis of Table 2 shown in P-values* 


Experimental Condition 

I vs. H 

I vs. IV 

n vs. iv 

A. 

.0170 

.0110 

.2200 

B. 

.3700 

.0094 

.3560 

C. 

.0390 

.0228 

.3700 

D. 

.0204 

.0102 

.8770 

E. 

.0400 

.0220 

.1964 

F. 

.0820 

.0266 

.0758 

G. 

.0678 

-0454 

.6160 

A-G combined f.. 

.0030 

.0032 

.1700 


* See Table 10 for discussion of P-volue. 

t See Table xa for discussion of combination of experimental means. 


The experiments on locomotor activity were performed to see whether the “group 
effect,” as m anif est in the oxygen-consumption, experiments, is correlated with the 
amount of movement performed by each fish. Since, in general, oxygen consumption 
is directly proportional to activity, the locomotor-activity experiments should give 
results similar to those on oxygen consumption. 
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Tables 2 and 2 a indicate, in general, that isolated fishes have a higher rate of loco¬ 
motor activity than do those in a group of two or a group of four, and that fishes in a 
group of two tend to have the same rate of locomotor activity as do those in a group of 
four. Thus, the results correlate, as they should, with the results on oxygen consump¬ 
tion. In several cases, e.g., B, F, and G in the “I vs. II” column of Table 2a, the differ¬ 
ences lack statistical significance. The combined experimental means show good signifi¬ 
cance for the “I vs. II” and the ‘T vs. IV” relationships, and a P-value considerably 
above the upper limit of accepted statistical significance for the “II vs. IV” relationship. 

Since these observations on locomotor activity were made over a period of 3 or 4 
hours with an oil seal, and since no Winkler analyses were made for oxygen tension at 

TABLE 3 


COMPARING THE ACTIVITY OF FISHES IN A GROUP OF FOUR DURING THE FIRST AND LAST 
HOURS OF THE EXPERIMENTAL PERIOD (RESULTS ARE IN TOTAL AMOUNT OF MOVE¬ 
MENT “ PER FISH PER 5-MINUTE PERIOD OF OBSERVATION) 


Experiment vx 
Condition t 

Test 

Period 

(Hours) 

First Hour 

Last Hour 

P-ValueI 
First vs. 
Last 

No. of 
Cates 

Mean 

Activity 

No. of 
Cases 

Mean 

Activity 

At. 

4 

7 

66 7 

7 

51.0 

.0840 

Bl . 

4 

7 

44 0 

7 

37 2 

.1800 

cf . 

4 

7 

497 

7 

45-0 

.4680 

D5 . 

3 

9 

77-1 

9 

75- 3 

None** 

E8. 

3 

9 

64.1 

9 

63.1 

None** 

F,. 

3 

9 

65.0 

9 

SS-8 

.2480 

oil. 

3 

8 

70.9 

8 

7a a 

None** 

Average of 







combined 







meanaft- 


7 

62.5 

7 

57- 1 

.0348 


* See rtiacHwioim of locomotor activity under “Materials and Methods” for explanation of term “movement.” 
t Letters correspond to those in Table a. 

X Each case is the average of three 5-minute observation periods 
$ Each case la the average of four 5-minute observation periods. 

Q Each cose is the average of two 5-minute observation periods. 

1 See Table i« for discussion of P-value. 

** “None” indicates that no significance was calculated, since the means ore almost identical 
tt See Table xa far discussion of combination of experimental means. 


the end of the test period, the criticism might be made that the fishes in the group of 
four might have been reacting to an oxygen tension below 1.5 cc. per liter during the 
latter part of the test period. If so, the results obtained could be attributed not to a 
“group effect” but to a low oxygen tension which inhibits respiration and activity. 

Accordingly, the movements of fishes in a group of four during the first hour of the 
test period, when the oxygen tension is the highest, were compared with the movements 
during the last hour of the test period, when the oxygen tension is the lowest. The re¬ 
sults are summarized in Table 3, 

In no test was the activity of the fishes significantly higher during the first hour of 
the test period. However, a consideration of the combined means does show a signifi- 
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cantly higher rate of activity during the first hour, as compared with that of the last 
hour. When, however, this is compared with the larger mean differences in Table 2, 
it can be seen that the factor of inhibiting oxygen tensions is not the principle one at 
work. In fact, under the conditions of these experiments, it is reasonable to assume that 
the lower activity during the last hour of the test period indicates a more complete re¬ 
covery from the effect of handling incident to manipulations near the beginning of the 
observations, rather than being primarily a result of lessened oxygen supply. 

When isolated fishes and those in a group of four are compared, the “group effect” 
on their oxygen consumption and locomotor activity is apparent. Isolated animals are 
more active and have a higher rate of oxygen consumption. The only exception to each 
individual comparison being significant when considered alone is found in H of Table ia, 
and there, we believe, the lack of significance is due to the small number of tests for the 
group of four. Supporting this view is the marked significance when A-H are combined. 

The group of two seems to occupy the same place as the group of four in the compari¬ 
son of isolated and grouped fishes. There are more cases where individual experiments 
fail to show that the higher oxygen consumption and locomotor activity of the isolated 
animal is significant when compared with a fish in a group of two, but the combined 
means of all the experiments indicate good statistical significance. In general, the fishes 
in groups of two tend to have the same rate of oxygen consumption and locomotor 
activity as those in groups of four. Such results may indicate that the isolated state in 
the phenomenon is a unique one. 


VOLUME RELATIONS 

Two important factors that enter into the analysis of the problem are the volume of 
water available to each animal and the dimensions of the container. Schuett (1933) 
states that when the volume of water per fish is equal the “group effect” on oxygen con¬ 
sumption disappears. Escobar, Minahan, and Shaw (1936) state that “when a fish is 
limited to a given volume of water the configuration of that volume or the interrelation 
between the relative magnitudes of its three dimensions determines to a considerable 
extent the total amount of movement.” They find that when goldfishes in isolation and 
in groups of four are placed in four different volumes of water—1,625 cc., 3,250 cc., 
4,875 cc., and 6,500 cc.—minimal activity in grouped and isolated animals occurs at a 
volume of 4,875 cc., having a depth of 16.92 cm., a width of 12 cm., and a length of 
24 cm. The width and length are constant for all volumes. “The locomotor mechanisms 
of fishes (with a few exceptions, e.g., seahorse) are adapted to propel the fish along the 
long axis of its body, the latter being normally oriented in most species of fishes in a 
horizontal plane,” say Escobar, Minahan, and Shaw (1936). 

Two questions involved in the volume-relationship analysis are: (1) Does the oxygen 
consumption and locomotor activity of a goldfish vary with the volume of water avail¬ 
able to it? (2) When the volume of water per fish is equal, does the “group effect” on 
oxygen consumption and locomotor activity disappear? Tables 4-7 attempt to answer 
these questions, utilizing the data in Tables 1 and 2. Only those data were used with 
which legitimate paired comparisons could be made. 

Table 4 indicates that, in the cases tested, a goldfish has a higher rate of oxygen con¬ 
sumption when in a larger volume of water. Table 6, the corresponding table on loco¬ 
motor activity, should confirm the results of Table 4 but does not. An increase in 
volume does not produce an increase in the activity of a goldfish. This contradiction 
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TABLE 4 

Comparing the oxygen consumption of fishes in isola¬ 
tion, GROUPS OF TWO, AND GROUPS OF FOUR IN 6 LITERS WITH 
THE OXYGEN CONSUMPTION OF SIMILAR COMBINATIONS IN 
12 LITERS* 


Six Liters 

Twelve Litem 

Grouping 

Mean Cc. of 
Oa Consumed 
per Fish 

Grouping 

Mean Cc. of 
Oa Consumed 
per Fish 

Isolated. 


( 8.46 

7.85 

L 6. so 

Isolated. 

J 

fii.36 

8.76 

7-54 





Group of two .... 


[8-43 

5-82 

U 91 

Group of two.... 


f 8.17 
7.02 
l 3.S4 

Group of four. 


[S-8o 

S°7 

[ 3-72 

Group of four.... 


8.24 
6.18 
„ 4-iS 

Mean. 

6.17 

Mean. 

7-33 




Statistical significance of the difference, .0336 


* Figures are based on data in Table 1. 


TABLE 5 

COMPARING THE OXYGEN CONSUMPTION OF FISHES IN ISOLA¬ 
TION OR GROUPS OF TWO IN 6 LITERS WITH THAT OF FISHES 
IN GROUPS OF TWO OR FOUR IN 12 LITERS WHEN THE VOLUME 
OF WATER PER FISH IS EQUAL* 


Six Liters 

Twelve Litem 

Grouping 

Mean Cc. of 
Oa Consumed 
per Fish 

Grouping 

Mean Cc. of 
Oa Consumed 
per Fish 

Isolated. 


8.46 

7.8s 

16 . So 

Group of two.... 


[ 8.17 




f • 

13-54 

Group of two. 


'8.43 

5-82 

13-91 

Group of four.... 


'8.24 

6.18 

A-I 5 

Mean. 

6.83 

Mean 

6.22 




Statistical significance of the difference, .2838 


* Figures are based on data in Table r. 
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makes a generalization impossible but may mean that, as used, the oxygen-consumption 
tests are the more sensitive. 

Table 5 shows a disappearance of the “group effect’.’ on oxygen consumption when 
the volume of water per fish is equal. Table 7, the corresponding table on locomotor 
activity, again contradicts the results of the table on oxygen consumption. Thus, it 
indicates that the smaller groups in the smaller volumes are the more active. However, 
if both Tables 5 and 7 are examined critically, it is found that the isolated fishes have a 
considerably higher rate of oxygen consumption and locomotor activity than do those 

TABLE 6 

Comparing the activity of fishes in isolation, groups 

OF TWO, AND OF FOUR IN 6 LITERS WITH THE ACTIVITY 
OF SIMILAR COMBINATIONS IN 12 LITERS* 


Six Liters 

Twelve Liters 

Grouping 

"Movements” t 
per Fish per 
5-Minute 
Period of Ob¬ 
servation 

Grouping 

"Movements”! 
per Fish per 
5-MInute 
Period of Ob¬ 
servation 

Isolated. 


83.9 

137-8 

[136.8 

Isolated. 


76.7 

154-0 

[163.5 





Group of two. 

1 

[48.0 

76.x 

81.1 

Group of two.... 


48.9 

76.7 

78.3 

Group of four. 


54-8 

74-9 

61 -5 

Group of four.... 


45.4 
65-7 
l 73-9 

Mean. 

83.8 

M«>n. 

87.0 




Statistical significance of the difference, 4982 


* Figures arc based on data in Table a. 

t See discussion of locomotor activity under "Materials and Methods 11 for ex¬ 
planation of term “movement 1 * 

in the group of two in twice the volume. On the other hand, the fishes in the group of 
two in both tables have a rate of oxygen consumption and locomotor activity that cor¬ 
responds closely to that of the animals in the group of four in twice the volume. This 
again may m ean that the isolated state is a unique one and is sufficient in these cases to 
overcome the handicap of a reduced total volume (the volume per fish being the same) 
in manifesting its effect on oxygen consumption and locomotor activity. Evidently, 
the relation of the volume of water per fish and the dimensions of the container to 
oxygen co nsump tion and locomotor activity is a complex which requires further analysis. 

Schuett (1934), using goldfishes 3.5-4.0 cm. in length, found mini m al locomotor 
activity in a 7.5-Hter aq uarium in a group of four and in a 15-liter aquarium in a group 
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of eight. Thus, in the smaller aquarium the activity of a group of eight was higher than 
that of a group of four even though less water was available, per fish, to those in the 
larger group. 

Escobar, Minahan, and Shaw (1936), working with goldfishes in isolation and in 
groups of four, found not a regular increase of activity with an increase in the volume 
per fish but a volume at which minimal activity occurred. 

No min imal rates of oxygen consumption and locomotor activity were found in the 
present studies but might be discovered by using larger groups and larger aquaria. 

TABLE 1 

Comparing the activity of fishes in isolation or groups 

OF TWO IN 6 LITERS WITH THAT OF FISHES IN GROUPS OF TWO 
OR FOUR IN 12 LITERS WHEN THE VOLUME OF WATER PER FISH 
IS EQUAL* 


Six Liters 

Twelve Litees 

Grouping 

“Movements ,, t 
per Fish per 
5-Minute 
Period of Ob¬ 
servation 

Grouping 

“Movements”t 
per Fish per 
5-Minute 
Period of Ob¬ 
servation 

Isolated. 

■ 

' 82.9 
137-8 
136.8 

Group of two. .. 


148.9 

76.7 

I78.3 

Group of two.... 

1 

■ 48.0 
76.1 

81 X 

Group of four... 


45-4 

65.7 

173-9 

Mean. 

93.8 

A/fftfln. 

64.8 




Statistical significance of the difference, .0424 


* Figures are based on data in Tabic a. 

f See discussion of locomotor activity under “Materials and Methods” for ex¬ 
planation of term “movement.” 

“conditioned” water 

In an attempt to determine whether there was a chemical factor involved in the 
“group effect,” the following procedure was used. The fishes were placed in isolation, 
groups of two and of four in aquariums in fresh lake water for a 21-hour period of ac¬ 
climatization prior to the actual test. However, instead of being transferred to fresh 
lake water again for the tests, as was the procedure in the controls, they were kept in 
the same water that had been used for acclimatization. This water was called “con¬ 
ditioned” because fishes had lived in it and had added chemical substances to it. The 
an im a ls used in these “conditioned”-water experiments were fed once a week, but at 
least 48 hours were allowed to elapse after feeding before any tests were run. According 
to Allee, Oesting, and Hoskins (1936), “the amount of conditioning is approximately a 
factor of the number and the size of fishes present, together with the volume of the 
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water to which they were exposed, and may be indicated by a “conditioning coefficient.” 3 
In these experiments, on both oxygen consumption and locomotor activity in “con¬ 
ditioned” water, the coefficients were: 15 and 7.5 for an isolated fish in 6 and 12 liters, 
respectively; 30 and 15 for a group of two in 6 and 12 liters, respectively; and 60 and 
30 for a group of four in 6 and 12 liters, respectively. 

The controls were run with fishes placed into fresh lake water for the test period. 
The animals in the “conditioned”-water experiments were transferred to aquariums 
serving as temporary receptacles, while an oil film was placed on the “conditioned” 

TABLE 8 

Comparing the oxygen consumption of fishes in “condi¬ 
tioned” WATER WITH THE OXYGEN CONSUMP¬ 
TION IN UNCONDITIONED WATER* 


“COMPmONED” 

Wats* 

Unconditioned Water 

Grouping 

Mean Cc. of 

Oa Consumed 
per Fiah 

Grouping 

Mean Cc. of 

Oa Consumed 
per Fish 

Isolated. 

(6.S0t 

Isolated. 

jr.ss 


17-54 


\8.76 

Group of two. 

/ 3 - 9 I 

13-54 

Group of two.... 

(5-8a 
\7.02 

Group of four. 

/ 3 - 7 a 

L 4 -I 5 

Group of four.... 

f 5-07 

\6.18 

Mean. 

4.89 

Mftfln. 

6.78 




Statistical significance of the difference, .0030 


* Figures ore based on data In Table i. 

t Each figure In the "conditioned” columnrepresents the same volume of water 
as docs each corresponding figure in the unco n dit i oned column. 

water. They were then replaced into the test aquarium. This procedure assured an 
equal effect of handling in both controls and experimentals. 

The “group effect” in “conditioned” water is listed under G and H in Tables 1 and 1a 
and under F and G in Tables 2 and 2 a. The controls are E and F in Tables 1 and i& 
and D and E in Tables 2 and 2a. In general, the results for “conditioned” water coin¬ 
cide with those for unconditioned water as far as the “group effect” is concerned. The 
isolated animal is found to be the most active and to have the highest rate of oxygen 
consumption. Tables 8 and 9 contain a direct comparison of oxygen consumption and 
locomotor activity of fishes in the same types of grouping in “conditioned” and un¬ 
conditioned waters. 

Table 8 indicates that fishes in “conditioned” water have a significantly lower rate 

a The conditioning coefficient is obtained by dividing the product of the number of conditioni n g 
fishes times their leng th in millim eters by the number of liters of water conditioned (Allee, Oesting, and 
Hoskins, 1936). 
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of oxygen cons um ption than do those in unconditioned water. The explanation of this 
result is not clear at this time. Table 9 on locomotor activity shows no difference in 

TABLE 9 

COMPARING THE ACTIVITY OF FISHES IN “CONDITIONED” 

WATER WITH THE ACTIVITY IN 
UNCONDITIONED WATER-" 


"Cqndithjnkd' 

Water 

Unconditioned Water 

Grouping 

"Movements” t 

per Fish per 
5-Minute 
Period of Ob¬ 
servation 

Grouping 

“Movements”! 

per Fish per 
5-Minute 
Period of Ob¬ 
servation 

Isolated. 

\ 

ri36.8t 

LX63.S 

Isolated. 

/137.8 




U54.0 

Group of two.... 

\ 

81 I 

78.3 

Group of two.... 

r 76.1 

\ 76 7 

Group of four. 

1 

61.5 

73-9 

Group of four. .. 

/ 74-9 

l 65.7 

Mean. 

99.2 

Mean. 

97 5 




Statistical significance of the difference, .6718 


* Figures are based on data in Table a. 

t See discussion of locomotor activity under "Materials and Methods” for expla¬ 
nation of term "movement” 

t Each figure in the "conditioned" column represents the same volume of water as 
does each corresponding figure in the unconditioned column. 


TABLE 10 

Effect of numbers present upon the amount of oxygen 

CONSUMED BY GROUPED AND ISOLATED GOLDFISHES* 


Isolated 

Group op Four 



No. of 

Cases 

Mean Cc. of Oj 
Consumed 
per Fish 

No. of 

Cases 

Mean Cc. of Oj 
Consumed 
per Fish 

Mean 

Dipecrencr 

P- 

VALUSf 

4 «>xi 

4.60 

10X4 

3.22 

i -38 

.0009 


* Test period is 3 hours. Volume is 6 liters of unconditioned water in a 7.5-liter aquarium, 
t See Table 1 a for discussion of P-valne. 


activity between fishes in “conditioned” and unconditioned water. Again this may 
mean that, as used, the oxygen-consumption tests are the more sensitive. 
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PARTIAL RECHECK OF RESULTS, USING MANOMETRIC METHOD 

Since it was thought that even the modified method of Winkler, used in detennining 
dissolved oxygen in the oxygen-consumption tests, might possibly contain some hid¬ 
den error, it was decided to repeat some of the tests, using the Van Slyke manometric 
method (Van Slyke and Neill, 1924; Oesting, 1934). Allee and Oesting (1934) and 
Wilder (1937) tested the relative accuracy of the modified Winkler and Van Slyke 
methods and found agreement. 

The materials and methods were the same as those described for the oxygen-con- 
sumption experiments using the modified Winkler method. Experimental conditions 
were identical with those of the earlier series. The oxygen consumption of an isolated 
fish was compared with that of one in a group of four. The results are summarized in 
Table 10. The statistical significance of the results is high and shows again that, other 
things being equal, the oxygen consumption of an isolated fish is higher than that of 
one in a group of four; this confirms results listed in Table 1. Thus, in so far as tested, 
findings obtained with the modified Winkler method are confirmed by the Van Slyke 
manometric method. This agrees with the experience of Wilder (1937). 

DISCUSSION 

The explanation of the effect of grouping on the respiration and locomotor activity 
of goldfishes is still hypothetical. Schuetl (1933) dismis sed the possibility of oxygen 
tension exerting any effect, at least until the asphyxia level is reached. Toryu (1927) 
reached the same conclusion, and our own experience is similar. Schuett (1933) also 
dismissed the possibility that the increased production of carbon dioxide by grouped 
fishes was the responsible factor. 

Escobar, Minahan, and Shaw (1936) offer the suggestion that an isolated fish has no 
obstruction in its path of motion and can continue along this path undisturbed. On the 
other hand, a fish in a group must constantly make adjustments to the presence of its 
neighbors. Though isolated fishes, when active, usually swim in one unobstructed 
plane, their activity is less constant, and much of it is composed of a series of sudden 
spurts. Grouped fishes usually swim in several planes; but their activity is much more 
constant, since they are constantly subjected to stimuli from others in the group. 

Vision as an important integrating factor for aggregations of fishes has been demon¬ 
strated by Bowen (1931). She reported that blinded catfishes of the species Ameiurus 
mdas , which in contrast to C. auratus is a more definitely schooling animal; did not 
aggregate and that normal fishes did not respond in the dark. Bowen (1931) also found 
that responses to touch are of great importance and that the resulting stimulus may 
perhaps be the fundamental cause of dose aggregations, with vision serving only as a 
means by which the fishes find one another. Bowen (1932) showed that catfishes in 
groups of four have a greater rate of oxygen consumption per fish than do those in 
isolation. This is what would be expected from a dosely schooling fish when the indi¬ 
viduals push actively toward the center of the group. 

Vision may be acting as a factor inhibiting the activity of grouped goldfishes. If so, 
provided other factors are not exerting an important effect at the same time, blinded 
goldfishes and goldfishes kept in the dark should not manifest a “group effect.” Experi¬ 
ments are now in progress in our laboratory to explore this possibility. It may be that 
sight reactions will account for all of the observed phenomena of “group effect” in the 
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goldfish. However, it is possible that vibrations of tails of fishes set up pressure dis¬ 
turbances detected perhaps by lateral line organs, or that other sense organs are in¬ 
volved, either directly or indirectly. Planned experiments include an analysis of these 
factors. 

Our results on oxygen consumption confirm those obtained by Schuett (1933) when 
there was an error in his technique, and contradict his later results (1934) when the error 
had been corrected. Schuett (1934) did find a higher rate of locomotor activity for 
goldfishes in isolation than for those in groups of four. This result does not correlate 
with his failure to find a higher rate of oxygen consumption in the isolated fish, using 
the modified Winkler technique. Schuett’s experiments on locomotor activity were per¬ 
formed in 7.5- and 15-liter aquariums as were our experiments. His experiments on 
oxygen consumption were performed in Erlenmeyer flasks; and Schuett offers a possible 
explanation of contradictory results, stating: 

This may be because of the fact that the respiratory chambers used in oxygen consumption 
work are of such a size as to produce a crowding effect upon the contained fishes, causing move¬ 
ments that would not otherwise occur. In such experiments the fishes were seldom quiet in 
the respiratory chambers, usually moving in vertical paths from bottom to top in the chambers. 
This was true both with isolated fishes and with groups of four. Under these circumstances the 
effect of quieting, as usually noticed in the groups, was lost as the results here indicate. 

Our results confirm those obtained by Schuett (1934) and by Escobar, Minahan, and 
Shaw (1936) on the locomotor activity of isolated goldfishes and goldfishes in groups of 
four; and, volume comparisons excepted, a correlation has been established between 
oxygen consumption and locomotor activity. 

It is appropriate here to compare the relative sensitivities of the Winkler chemical 
analysis used in determining the oxygen consumption and the observational technique 
used in determining the locomotor activity. In favor of the chemical technique it may 
be said that it detects two cases, B and C in Table 1, in which the oxygen consumption 
of the fishes in the group of two is significantly higher than that of the fishes in the 
group of four though, in general, the oxygen consumption of the two groups tends to 
be the same. The locomotor activity technique detects no difference in a similar com¬ 
parison. Table 4 shows a significant increase in oxygen consumption of goldfishes placed 
in larger volumes, while Table 6 shows no corresponding effect on locomotor activity. 
Table 8 indicates a decreased oxygen consumption of fishes in “conditioned” water, 
while Table 9 shows no corresponding effect on the locomotor activity. In favor of 
the observational technique it may be said that it indicates more effectively in Table 7, 
comparing the isolated fish in 6 liters with the fishes in the group of two in 12 liters, that 
the isolated state may be sufficient to overcome the handicap of reduced total volume 
and to cause greater activity in the same volume of water per fish than does a similar 
comparison in Table 5 on oxygen consumption. Also, after Schuett (1934) had failed to 
obtain a “group effect” on oxygen consumption, using the modified chemical technique, 
he did get a “group effect” on locomotor activity, as did Escobar, Minahan, and Shaw 
(1936)* However, the use by Schuett (1934) of Erlenmeyer flasks instead of aquariums 
for the tests on oxygen consumption must be borne in mind as a possible explanation. 
All things considered, it is the opinion of the writer that the chemical technique is the 
more sensitive one. 

It is too early to attempt to discuss the broader implications of these and other 

studies on the mass physiology of the goldfish. In addition to the problems here at- 

* ** - ^ * .. * 
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tacked, other workers in this laboratory have found (a) that when exposed to toxic 
amounts of colloidal silver, grouped goldfishes survive longer than those in isolation 
(Allee and Bowen, 1932); (6) that in an appropriate, simple setup, grouped goldfishes 
learn more rapidly than isolated animals (Welty, 1934); (c) that goldfishes consume 
more Daphnia per unit of time if grouped than if isolated (Welty, 1934); and (d) that 
under many experimental conditions small, isolated goldfishes grow more rapidly in 
water in which other goldfishes have lived than in uncontaminated water (Allee, Bowen, 
Welty, and Oesting, 1934; Allee, Oesting, and Hoskins, 1936; Livengood, 1937). In 
time, perhaps these and other studies may permit a critical examination of the general 
survival-value of numbers of goldfishes. For the present it is useless to do more than 
to recognize that such general problems exist and that they are not dissociated from the 
present studies. 

SUMMARY 

1. In a given volume of water an isolated goldfish consumes more oxygen and has a 
higher rate of locomotor activity than does each fish in a group of two. 

2. In a given volume of water an isolated goldfish consumes more oxygen and has a 
higher rate of locomotor activity than does each fish in a group of four. 

3. In a given volume of water each goldfish in a group of two tends to consume the 
same amount of oxygen and to have the same rate of locomotor activity as does each 
fish in a group of four. 

4. Fishes in “conditioned” water exhibit the same type of “group effect” as do 
those in unconditioned water. 

5. Fishes in “conditioned” water consume less oxygen than do those in unconditioned 
water. 

6. Volume relationships are complex and require further analysis. 

7. The modified Winkler technique appears to be more sensitive in determining 
oxygen consumption than the observational technique in determining locomotor 
activity. 

8. A partial recheck of oxygen-consumption experiments, using manometric methods, 
confirms the relationships summarized in conclusion No. 2. 
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FETAL RESPIRATORY MOVEMENTS IN T HE CAT 

(Two figures) 

W. V. WINDLE, 1 M. MONNIER, 3 AND A. G. STEELE 
Anatomical Laboratory and Institute of Neurology, Northwestern 
University Medical School 

F ETAL respiratory movements have been described in several mammals , including 
the rat (Corey, 1932), rabbit (Snyder and Rosenfeld, 1937), sheep (Barcroft and 
Barron, 1936 and 1937), and man (Ahlfeld, 1905; Windle, Dragstedt, Murray, 
and Green, 1938). The present study in the cat was undertaken to compare the move¬ 
ments of respiration at various stages in fetal life and under conditions as nearly normal 
as possible, as well as in states of experimental fetal anoxemia and carbon dioxide excess. 
We wished to learn whether or not the fetus responds to conditions which serve as res¬ 
piratory stimuli in the adult. 

Cats in various stages of pregnancy were anesthetized with ether before ligating the 
carotid arteries high in the neck and the basilar artery at the rostral one-third of the 
pons (Pollock and Davis, 1924) an hour or more (usually 2 or 3 hours) before experiments 
were begun. With this procedure the animals entered a state of partial decerebration. 
Conscious voluntary activity was lost; but respiration, although temporarily impaired 
by the procedure, was usually restored within an hour or two to about normal and, in 
several instances, was considerably increased in rate and depth; body temperature and 
blood pressure were usually not affected significantly. The explanation for the main¬ 
tenance of rapid breathing and normal temperature seems to be that enough blood 
reached the midbrain and diencephalon by collaterial circulation around the ligature on 
the basilar artery to support the integrity of centers there even though the cerebral 
hemispheres were quite lacking in blood flow. After the vessels had been ligated, ether 
was discontinued; later on, the cat’s abdomen could be opened under physiological 
saline or Locke’s solution in a constant-temperature bath with no further anesthesia. 
All the fetuses exposed were delivered through small openings in the uterus at the 
ends of the zonary placentas and were examined with placental circulation intact. 
Various experimental procedures were used during the course of the study of fetal reac¬ 
tions. 

RESULTS IN SPECIMENS OP LESS THAN 40 DAYS’ GESTATION 

In a series of fifty embryos and small fetuses 13.5-30 mm. length (not listed in Table 
1), we observed no rhythmical movements of respiration. However, in the largest (those 
of 25-30 mm .), occasional and nonrhythmica! contractions of diaphragm, abdominal, 
and intercostal muscles occurred. Some time after exposing the specimens, these move¬ 
ments began to take place with simultaneous extension of head, trunk, and extremities. 
These integrated activities seemed to be the precursors of truly rhythmical respiration 
but were brought on by impairing the fetal oxygen-exchange mechanism in delivering 
the specimens. 

1 Aided by a grant from the American Academy of Arts and Sciences. 

* Fellow of the Rockefeller Foundation. 
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Rhy thmi cal respiratory movements were encountered in all the 122 cat fetuses listed 
in Table 1, but the nature of the movements varied with the age and size of the speci¬ 
mens and with the physiological conditions obtaining at the time of the experiments. 
Fetuses younger than about 40 days of gestation (32—58 mm. C. R. length) could usually 
be exposed in the constant-temperature bath and observed for a few minutes before 
we noticed the marked changes in the blood color which would signify anoxemia. In 
none of these specimens viewed under the best of conditions did we observe rhythmical 
respiratory movements. The specimens often showed movements of the head, limbs, 
trunk, or tail; but these activities appeared to be random and nonintegrated; the fetuses 

TABLE 1 

Experiments in which rhythmical respiratory movements 

OF CAT FETUSES WERE STUDIED 

Measurements are crown-rump length of fresh specimens. Age is in time after observed matings, 
except where marked with an asterisk (*), which indicates computation from an age-length curve. 


Cat No. 

Living 

Fetuses 

Fetil Size 

Fetal 

Age 

(Days) 

Length 

(Mm.) 

Weight 

(Gm.) 

1 . 

3 

32 


33 

2 . 

6 

32-35 


32 * 

3 . 

4 

35 

2.6-3.0 

32 - 33 * 

4 . 

4 

35 


32 - 33 * 

5 . 

4 

38-40 


33 - 34 * 

6. 

3 

38-40 


33 - 34 * 

7 . 

4 

40 


34 * 

8. 

3 

48-30 


? 

9 . 

5 

45-53 


? 

10. 

5 

54-56 


39 

11. 

4 

55-58 


? 

12 . 

4 

65-70 

. 

44 

13 . 

4 

70-72 


? 

14 . 

4 

60-73 


? 

IS . 

4 

75 

18-19 

? 

16. 

2 

75-80 

15-20 

? 


Cat No. 

Living 

Fetuses 

Fetal Size 

Fetal 

Age 

(Days) 

Length 

(Mm.) 

Weight 

(Gm.) 

17 . 

3 

80 


44 

18. 

6 

80 


? 

19 . 

5 

85-90 

28-33 

? 

20 . 

4 

85-90 


? 

21. 

4 

95 

36-42 

? 

22. 

3 

91-101 

14-17 

? 

23 . 

1 

100 


Si 

24 . 

2 

100 


? 

25 . 

5 

100-104 

38-46 

? 

26. 

5 

no-15 


53 

27 . 

4 

US 

70-76 

? 

28. 

3 

120 


? 

29 . 

3 

135 


62 

30 . 

3 

140 


63 

31 . 

4 

140 


6 S 

32 . 

4 

140-46 

107-27 

? 


were definitely apneic in respect to respiratory movements. Invariably they began to 
show respiratory movements a few minutes after delivery, and these soon became 
rhythmical. This change in behavior appeared to be correlated with constriction of the 
uterine vessels as the uterine muscle tightened upon the placenta. When left undis¬ 
turbed in the bath, fetal respiration increased in rate and depth but seldom became 
constant. Instead, it was intermittent, and the periods of breathing movements seemed 
to correspond to times when the fetal blood color was somewhat darkened. 

The first rhythmical respiratory movements to manifest themselves upon exposure 
of the fetuses were usually quite delicate, quick, unsustained contractions of the dia¬ 
phragm, intercostal, and abdominal muscles, and, in a few instances apparently, of the 
diaphragm alone*. With prolonged exposure, more and more muscles shared in’ this 
reaction until each “breath” appeared to be a gasp involving extension of the head and 
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limbs. These violent gasplike respirations never occurred in fetuses whose umbilical 
veins were of good color. Even when the exposed fetuses were executing marked rhyth¬ 
mical respiratory movements, those in utero showed no such activity but could often 
be seen to move the feet, tail, or head arhythmically. 

It was impossible to avoid the implication that fetuses less than 40 days old (58 mm.) 
were apneic in decerebrated cats and that respiration came about with a state of par¬ 
tial anoxemia which could not be avoided in exposing the fetuses experimentally. To 
test this further, we clamped the umbilical cords of fetuses immediately after exposing 
them. Half a minute or more usually elapsed before results appeared. Some of the 
fetuses executed a few rapid and rhythmical contractions of the diaphragm, us uall y 
with concomitant action of intercostal and abdominal muscles; other quick, jerklike 
movements were often seen. Within a few seconds to half a minute lively squirming 
(tonic mass convulsive movements) and running movements were observed. Irritability 
to mechanical st imula tion then began to decrease, and muscle tonus increased; the 
fetus slowly assumed a posture resembling decerebrate rigidity, owing to sustained con¬ 
traction of trunk and limb muscles. This sustained contraction was interrupted by 
rhythmical gasps which had begun during the phase of active squirming. Gasping was 
the last motor phenomenon to stop as death approached. At first the head extended 
with each gasp; but as depression came on, this changed to flexion. Even after all ir¬ 
ritability was lost and when the last feeble gasp had occurred, re-establishment of the 
placental circulation sometimes led to partial recovery. Occasionally the motor responses 
were imperfectly re-enacted during recovery, but seemingly in the reverse order of 
their manifestation during the asphyxia. The phenomena of asphyxia could usually 
be repeated by clamping the umbilical cord again. Fetal apnea was not permanently 
resumed after asphyxia; the fetuses usually showed interrupted respiratory rhythms, 
which seldom involved the delicate movements of the primary breathing muscles alone, 
until the end of the experiment. 

Administration to the mother cats of mixtures of 5-8 per cent oxygen in nitrogen 
by gas machine and tracheal canula brought about cyanosis, indicated by darkening 
of the uterine vessels, and respirations of previously apneic fetuses started promptly. 
It was evident that the changes in behavior observed under asphyxia induced by oxygen 
lack resembled, but in exaggerated form, those seen when the fetuses were exposed in 
the bath for prolonged periods; and we concluded that the delivery of the fetus had, 
indeed, set up a state of partial asphyxia which brought about fetal respirations. 

We tested the effects upon fetuses of carbon dioxide given to the mother cats in 
mixtures of 5-20 per cent in oxygen. With the animals under the influence of 8-10 
per cent carbon dioxide the fetuses which had been apneic or showed only an occasional 
arhythmical respiratory movement when handled at delivery began to execute lively 
Rhythmical respiratory movements, as is illustrated in Figure 1. In other fetuses of 
the same litters, but which had been exposed for some time, the existing respiratory 
movements became more rapid and the depths of each increased. Furthermore, even 
in the smallest so tested (35 mm.), the unexposed fetuses in utero , in which we could 
neither palpate nor see respiratory movements before giving the gas, began to execute 
rhythmical respirations when the cat breathed the oxygen-carbon dioxide mixture. 
The color of the umb ilical veins and of the fetuses themselves was very good before and 
during the time the mixtures were given, and there was no visible indication of asphyxia. 
When the mother cats whose fetuses were apneic were overventilated with pure oxygen 
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there was no observable stimulation of respiratory activities in the fetuses. We con¬ 
cluded that the carbon dioxide had acted in its usual capacity to stimulate respiration. 

Prolonged breathing of high concentrations of carbon dioxide (15-20 per cent) in 
oxygen led to fetal gasping and depression of the delicate rapid respiratory rhythm; 
but when air or oxygen was substituted, a rebound stimulation of the respiratory rate 
like that seen in bird fetuses (Windle and Nelson, 1938) sometimes ensued. In a few 
experiments the cat fetuses lesumed their apneic state for brief intervals after the effects 
of carbon dioxide had subsided. 

RESULTS IN SPECIMENS OP 62-65 DAYS* GESTATION 

Gestation in several cats which were mated in our laboratory lasted 64 days. In 
the hope that new corpora lutea would inhibit uterine contractions (Snyder and Rosen- 

feld, 1937), attempts were made to bring 
about ovulation in two cats by adminis¬ 
tration of pregnancy urine concentrate 
(Parke Davis 1 Antuitrin S.) 6 days be¬ 
fore the end of gestation. One cat (No. 
31) ovulated, apparently on the sixty- 
fourth day; and the fetuses were studied 
the following day. Results in this animal 
were similar to those in the other three 
cats and will be described with them. 
The uterus was quite flaccid for the first 
half-hour. 

The observations of fetal respiratory 
movements in the fourteen fetuses of the 
cats of 62-65 days’ gestation (fetuses 
135-146 mm. long) differed significantly 
from those in the fetuses less than 40 
days old. In the first place, after the 
effects of ether used during the tying of 
carotid and basilar arteries had subsided, 
intrauterine activities of a rhythmical 
nature could be palpated through the in¬ 
tact maternal abdomen in two of the 
animals. These were very inconstant, oc¬ 
curring at long intervals as short series 
of rapid beats. They suggested to the 
observers similar phenomena encountered 
after opening the abdomen and which 
were unquestionably respiratory move¬ 
ments. 

Intrauterine respiratory movements were seen in all four animals after opening the 
abdomen, and were likewise of short duration and occurred at intervals. Upon exposing 
the fetuses through openings in the uterus made at ends of the zonary placentas, the 
umbilical-vein blood was found to be very dark and the fetuses seemed to be quite 
depressed. After the specimens had been exposed with placental circulation intact for 
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Fig. 1. —The kymograph record illustrates ma¬ 
ternal respiration of the cat whose carotid and basi¬ 
lar arteries were ligated at 10:30 a.ic, taken, just 
before the animal was placed in the bath and ab¬ 
domen opened, time in 5-second inteivals The 
graph illustrates production of fetal respiration at 
38 days* gestation by administering 8-10 per cent 
carbon dioxide in oxygen to the mother cat through 
tracheal canula. The lag is caused in port by the 
time it took to get the gas through the delivery 
tube of the machine; this factor was later con¬ 
trolled by compressing the bags just before ad¬ 
ministering the gas (see Fig. 2). 
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several minutes, they usually began to execute rhythmical respiratory movements, 
which varied in rate from about 10 to 30 or more per minute and occurred intermittently. 
The intermittent occurrence of the fetal respiratory rhythm appeared to be associated 
with contraction of uterine musculature and accompanying improvement in fetal blood 
color. When a fetus was delivered in the relaxed phase of the uterus, its umbilical vessels 
were dark and it was apneic. Contraction of the uterus brought about a reddening of 
the blood in the umbilical veins, and the fetal color improved. As the contraction was 
subsiding, fetal respiratory activity began and persisted until the umbilical veins dark¬ 
ened again. This series of events occurred in slow rhythm of less than once to as many 
as four times a minute. When a fetus was delivered from the uterus during a strong 
uterine contraction, its umbilical veins were somewhat redder and it was executing 
rhythmical respiratory movements by the time we could get it out. The better the color 
of the umbilical veins, the more rapid was the fetal respiiatory rate and the fewer the 
muscles involved in each “inspiration.” However, delicate respiratory movements, such 
as were seen in young fetuses, were never encountered in those near term; all involved 
more muscles than the diaphragm alone. 

In none of the cats of 62-63 days* gestation were we able to increase the rate of 
intrauterine fetal respirations by administering oxygen-carbon dioxide mixtures to the 
mother cat, nor were we able to start fetal respirations in the apneic exposed fetuses 
except by bringing about uterine contractions and reddening of fetal blood. On the con¬ 
trary, mixtures of 3-13 per cent carbon dioxide and oxygen served only to deepen the 
inspirations, after which they stopped entirely. When oxygen alone was forced upon 
the cat, respiratory movements of the fetus sometimes began or the rate increased. 

These experiments seem to show that fetuses near term, quite unlike those earlier 
described, were actually somewhat depressed and in a state of partial anoxemia. Condi¬ 
tions which prejudiced their placental exchange mechanism still more did not bring 
about rapid rhythms of respiratory movements. Conditions which tended to relieve 
the anoxemia did bring about breathing rhythms. The rhythmical contraction of the 
uterus itself was a factor acting to relieve the anoxemia intermittently, at least in those 
specimens which had been delivered with placentas still intact. 

RESULTS IN SPECIMENS OF 40-60 DAYS* GESTATION 

As might be expected from a consideration of the remarkable differences in results 
obtained in young and old fetuses of the cat, the observations in specimens of inter¬ 
mediate age were subject to considerable variation. Taken alone, these would prove to 
be most confusing. With physiological conditions better in some animals than in others, 
it was to be expected that we would find differences in the degree of oxygenation of the 
various litters of fetuses. Judging from fetal blood color, this is essentially what we 
observed. Furthermore, removal of a large fetus from a greatly distended uterus is 
followed by alterations in the placental exchange mechanism which are much more pro¬ 
nounced than after removal of a smaller fetus, the placentas in the two instances being 
much the same size. Since we cannot summarize all the experiments of this group in 
a single description, we propose to illustrate the principal variations. 

In cat No. 17, whose fetuses measured 80 mm. in length, conditions appeared to be as 
good as could be expected. The basilar and carotid arteries had been tied under ether 
between 9:43 and 10:15 a.m., after which the anesthetic was discontinued; the animal, 
was kept at rest until 1:15 when the abdomen was opened in the constant- 
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temperature bath. The cat developed some decerebrate rigidity, but there was no de¬ 
pression of its respiration, which, on the contrary, was rapid and deep. Its tempera¬ 
ture was unaffected. During the first 8 minutes after delivering the first fetus there 
were no rhythmical fetal respiratory movements (Fig, 2) ■, the cat was breathing pure 
oxygen much of the time. Four respirations occurred without distinct rhythm in the first 
half -minute after exposing the fetus, and were probably due to handling the fetus; 
otherwise, only an occasional slight, local movement of the diaphragm with elevation 
of the costal margin was seen. The undelivered fetuses in utero were quite apneic. Ad- 



Fig. 2.—Illustrates pioduction of fetal respiration at 44 days by 8-10 per cent carbon dioxide in 
oxygen. The percentage of carbon dioxide delivered by the machine was contioiled for all experiments 
by sampling and analyzing by the Van Slyke method. 

ministration of 8-10 per cent carbon dioxide in oxygen to the mother cat brought about 
marked respiratory acceleration in the mother cat and simultaneously respiratory move¬ 
ments began in all the fetuses. The respirations of the delivered fetus quickly reached 
a maximum of 32 in half a minute, then became very deep, involving all respiratory 
muscles, and began to subside as though the ga9 were exercising a secondary depressing 
effect. With oxygen alone following this, fetal respirations again improved suggesting 
that a certain amount of rebound stimulation occurred as the carbon dioxide excess 
was being removed. In this experiment the results obtained were like those described 
in the small fetuses and differed from those observed in most of those 80-120 mm . in 
length, whose respiratory behavior was much more like that of the larger specimens 
near term. 

It was usually found that 80-120 mm. fetuses executed rhythmical respiratory move- 
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merits alter delivery with, placentas intact. These occurred at the conclusion of each 
rhythmical uterine contraction and showed improvement when the cats were over¬ 
ventilated with oxygen. In some experiments carbon dioxide-oxygen mixtures served 
to increase rate, as well as depth, of fetal respirations; but it was seldom entirely clear 
that the increase in rate was not due to an increased oxygenation of the fetuses ac¬ 
companying augmentation of uterine activity. The first delivered 100-mm. fetus of 
cat No. 23 illustrates the point in question. The fetus was quite anoxemic when first 
exposed, and rhythmical respiratory movements were not st imula ted when the mother 
cat was allowed to rebreathe the air in the tube to the gas machine for 4 minutes. But 
administration of a mixture of per cent carbon dioxide in oxygen 6^ minutes after 
exposing the fetus led to rhythms of fetal respiratory movements reaching 52 per minute. 
The condition of the mother cat of this experiment seemed to be satisfactory. Perhaps 
the removal of so large a fetus from a distended uterus had led very suddenly to a con¬ 
dition of anoxemia in the fetus. The oxygen-carbon dioxide mixture apparently stimu¬ 
lated uterine activity, which helped overcome the anoxemia by delivering oxygenated 
blood to the fetus intermittently. 

When experiments were impaired by poor maternal respirations, by increased body 
temperature, or by decreased maternal blood pressure after ligating the carotid and 
basilar arteries, the results obtained in the fetuses, even in earlier stages of pregnancy, 
resembled those recorded under good conditions in fetuses near term. In cat No. 8 
(fetuses 48-30 mm. long) experimental conditions after tying carotid and basilar arteries 
were not as good as usual, and the maternal respiration had to be strengthened by allow¬ 
ing the cat to breathe the oxygen-carbon dioxide mixture for about 5 minutes before 
we opened the abdomen. The fetuses showed no respiratory movements of the rhythmi¬ 
cal type, but they did gasp occasionally. The specimens seemed to be depressed to the 
point that they could not be stimulated by the carbon dioxide breathed by the mother. 
When the cat was forced to breathe oxygen alone, rhythmical respiratory movements 
of the fetus began, reaching a maximum of 34 per minute. It would be hazardous to 
conclude that results of this nature were representative of normal activities in utero. 
All the experimental conditions must be carefully evaluated. 

DISCUSSION 

The experiments in cat fetuses of various ages throw some light upon the subject of 
prenatal respiratory activity and also bring up several questions. We should like to know 
something more definite about the relationship between fetal and placental blood oxygen 
and carbon dioxide and fetal respiratory movements. What concentrations of these 
gases are compatible with the phenomena in question? Such studies have been started. 
The relationship between uterine contraction and the intermittent occurrence of pre¬ 
natal respiratory rhythms must be investigated further before we can complete the 
picture of fetal activities in utero. Furthermore, the present studies have demonstrated 
the importance of correlating observations on the physiological conditions of the mater¬ 
nal animals with the responses obtained in the fetuses. This must receive even greater 
attention in the future. 

There can be little doubt that cat fetuses under normal physiologic conditions execute 
rhythmical respiratory movements in utero in the later days of gestation. Our own ob¬ 
servations add evidence to that presented by Ahlfeld (1905) and by Snyder and Rosen- 
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feld (1937). We believe that this activity is manifested in the cat because the fetuses 
are experiencing a physiologic anoxemia in utero. How extensive such an anoxemia is 
cannot be told until analyses of the fetal blood have been made under satisfactory ex¬ 
perimental conditions. If we may judge at all by color of the umbilical veins and the 
fetuses themselves, it would appear to be rather marked. 

If the cat fetuses near term were already profoundly anoxemic in utero , it could not 
be expected that they would react to conditions of asphyxia or carbon dioxide excess 
with an increase in respiratory rate. On the contrary, such conditions should lead to 
further depression. This is what our experiments demonstrated. It is what Snyder and 
Rosenfeld (1937) found in rabbits at term and in those whose gestation had been pro¬ 
longed up to 3 s days by causing new corpora lutea to be developed before the end of the 
period and thus inhibiting uterine contractions. It may be significant that Kofi and 
Davis (1937) have demonstrated in rabbits whose labor was inhibited by such methods 
that fetuses did not live beyond the thirty-sixth day. Perhaps they died of asphyxia. 
We observed that, during complete ilaccidity of the cat’s uterus, the fetuses were quite 
depressed and their blood color was dark. But when contractions of the uterus took 
place, color improved and the specimens were aroused to the point of executing rhyth¬ 
mical respiratory movements. Axe the prelabor contractions of the uterus physiological, 
and do they serve the very useful purpose of preventing asphyxia in the fetus? 

Our experiments in the younger cat fetuses (40 days and less) demonstrated a con¬ 
dition quite different from that obtaining near term. These small fetuses were apneic 
under normal physiological conditions, but rapid and delicate fetal respiratory move¬ 
ments of a rhythmical nature could be initiated by administering carbon dioxide to the 
mother or by causing asphyxia of the fetuses. It is reasonable to suggest that observers 
who have been unable to demonstrate such a stimulating or augmenting action of 
carbon dioxide have been dealing with specimens already stimulated in a state of 
anoxemia. 

It is impossible for us to say how late in the gestation period fetuses normally are 
apneic in utero . Perhaps as late as the forty-fourth day (80 mm.) or longer. It must 
depend upon the time in the prenatal life when a physiologic state of anoxemia begins 
to ma n ifest itself, and this may be an intermittent phenomenon subject to variation. 

Observations were obtained in the chick (Windle and Barcroft, 1938; Windle, Schar- 
penberg, and Steele, 1938) and duck (Windle and Nelson, 1938) which were similar 
to those in the cat. It was found that carbon dioxide stimulated fetal respiration during 
the greater part of the life in the egg and that only when normally occurring respirations 
had attained a rapid rate at the time the respiratory allantois ceased to function effi¬ 
ciently did it begin to act as a depressing factor. 

Although we have attempted to gain an understanding of the intrauterine respiratory 
movements obtaining normally, we have not considered the relationship of the nervous 
system to these phenomena in the cat fetuses in the present investigation. As Barcroft 
and Barron (1937) have demonstrated for the sheep, the fetuses’ own higher nervous 
centers seem to play important parts in inhibiting fetal activity including respiration. 
It is quite possible that such factors come into play at relatively different times in the 
cat and sheep. In the cat fetuses of 32 days’ or more gestation which appeared to be 
apneic in utero and when first delivered, inhibitory influences of the brain may already 
be at work. We know that descending tracts from the tegmentum and mesencephalic 
tectum are well formed much before the middle of fetal life (Windle, 193s)- This sub- 
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ject will receive more consideration at a later time. In respect to humoral factors in¬ 
fluencing respiratory activities, it is evident, from the present studies, that cat fetuses 
react very much as do adult animals to the usual respiratory stimuli. 

CONCLUSIONS 

Cat fetuses tended to be apneic in utero during the middle third or more of the gesta¬ 
tion period, but factors leading to asphyxia served to inaugurate delicate rapid rhythms 
of respiration movements. 

Severe and prolonged asphyxia depressed the delicate movements, but gasping oc¬ 
curred and persisted after finer movements and irritability to mechanical stimulation 
were lost. 

Carbon dioxide breathed by the mother cat started rhy thmi cal respiratory move¬ 
ments of fetuses normally apneic, but served only to depress further those fetuses which 
were in a state of partial anoxemia. 

Near term, fetuses 62-65 days old executed breathing movements normally in utero . 
Anoxemia and carbon dioxide in excess did not stimulate, but depressed, the respiratory 
activities of these specimens. 

Normally occurring but intermittent rhythms of intrauterine respiratory movements 
were co-ordinated with phasic uterine contractions. They seemed to result from im¬ 
proved oxygenation of the fetuses at the time of increased uterine tone. 
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I. INTRODUCTION 


F EATHERS represent a special kind of biological system beautifully adapted on 
account of the relative simplicity and symmetry of structure and pattern to a 
great variety of biological problems. Their special suitability as test objects for 
hormones and various physiological conditions and for genetical problems, especially 
on the borderline between genetics and physiology, is being very generally recognized. 
Basic to the interpretation of whatever biological problem for which they may furnish 
material is an understa nding of their development. The present paper is, in a sense, a 
continuation of our interrupted first study in this field published in 1932. The collabora¬ 
tive studies of Juhn and Fraps (1934, 1936), the criticism of Hosker (1936), and our 
own experience since have resulted in some clarification and modification of views ex¬ 
pressed in 1932, as wdl as additional material, and it seems necessary, therefore, to state 
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these, though only rather categorically in the present paper, before proceeding to the 
special consideration of the after-feather. As a matter of fact, a correct understanding 
of the special problem depends on the more general ones. 

The present study is not comparative as between species, although we explicitly 
recognize the importance of such studies; but we believe that they will proceed more 
successfully on the basis of a fairly complete analysis in a single form. The study of the 
regeneration of certain definitive feathers in two breeds of fowl and crosses between 
them is, in fact, a large undertaking. Our study is limited to them, and in the intro¬ 
ductory considerations, to a partial presentation of certain general problems. 

II. GROWTH AND MOVEMENT IN THE FEATHER GERM 

The feather germ grows in length, axial growth; its base (collar) grows somewhat in 
diameter, radial growth; and the barbs, arising in the “ventral” region of the collar, 
progress in their growth around the periphery of the collar from ventral to dorsal posi¬ 
tion, tangential growth or movement . The foregoing dimensions of growth have reference 
to the germ as a whole. The barbs and subordinate elements also present their special 
problems of growth. 

A. AXIAL GROWTH 

The growing feather presents an apparently straight axis, so long as it is entirely 
inclosed in its sheath, when it is commonly called the pinfeather. The gentle dorso- 
ventral curvature characteristic of certain contour feathers is not then apparent. From 
this we conclude that axial growth from the collar is uniform at all transverse levels, or 
at least very nearly so. Certain important conclusions emerge from this fact, among 
them the principle that transverse sections parallel to the collar, which is the center of 
axial growth, intercept points of identical or nearly identical age from the dorsal to the 
ventral surface. 

On the other hand, and without any prejudice to the principle of equal axial growth 
at all transverse levels, the rate of axial growth is subject to variation in time which has 
been measured and recorded in the form of curves by Juhn, Faulkner, and Gustavson 
during formation of the individual feather and in different feather tracts (1931). 

The collar is the source of the axial growth, and it is necessary, therefore, to analyze 
its activities in order to appreciate how the axial growth is initiated and sustained. 
Figure 1 is a photograph of a frontal (longitudinal) section of the base of a feather germ 
of 18 days’ regeneration from the breast of a Brown Leghorn capon. It shows the re¬ 
generating feather in its follicle. Attention is directed at this time to the thick obliquely 
placed collar surrounding the umbilicus where the central artery enters, hence appearing 
on both sides, and to the sharp angle that separates it from the forming barbs. In the 
higher magnification of the right side (cf. Fig. 1) shown in Figure 2, it is seen that the 
surface of the collar toward the pulp is covered by a high epithelium with tapered cell 
bases between which other elongated epithelial cells are inserted. Cell division in the 
collar is limited to such cells, the nuclei of which are arranged in several layers. Im¬ 
mediately nexL to the barb-forming groove (ramogenous zone, r.3., Fig. 2) these cells 
contribute to the zone in question. Next to the umbilicus they are continuous with the 
regeneration cells at the bottom of the follicle. But the great mass of cells of the collar 
beneath the high epithelium is concerned in axial growth by formation of the sheath of 
the feather germ. Typical sheath cells, recognizable cytologically, are formed beneath 
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the div iding cells; they elongate, swing through an angle of about ninety degrees, under¬ 
going keratinization, and form the sheath in the manner indicated in Figure 2. 

The details of this interesting process will not be described here. It is sufficient to 
note in this place how relatively enormous a part of the activities of the collar are em¬ 
ployed in the formation of the very dense, highly resistant, and strong sheath. It is 
from the sheath, in process of growth during the entire regeneration of the feather, that 
the energy and the mechanical support for continued axial growth are derived. The 
forming barbs are carried out with it in the manner described in Part C. The shaft has 
its own basis of growth in the collar, and its rate of growth is conformable to that of the 
sheath. The pulp is proliferated from the feather papilla (Fig. 1, P.) at a rate de¬ 
termined by the general axial growth. 

B. RADIAL GROWTH 

The increase of diameter of the collar during regeneration (radial growth) is of the 
order of 50 per cent in breast feathers during regeneration from the ninth to the fortieth 
day; and considerable reduction occurs in the last stages of growth. It is mentioned 
only for the sake of consistency because it does not appear to have any very definite 
relation to the problems under consideration. 

C. ORIGIN AND GROWTH OF THE BARBS AND THEIR TANGENTIAL MOVEMENT 

We stated in the first paper of this series (Lillie and Juhn, 1932) that two stages may 
be recognized in the origin of the barbs of the feather. In the first, which we estimated to 
include about twenty-five apical barbs on each side (in the breast feathers of the Brown 
Leghorn), the barbs appear to arise practically simultaneously. These barbs are placed 
vertically in the germ, as shown in Figure 3, Plate I, of our previous paper, thus showing 
absence of tangential movement as described below. Thereafter, we maintained, the 
origin of barbs is strictly serial from the ventral (antirhachis) region of the collar, so that 
each more apical barb of the definitive feather, situated more dorsally in the germ, is 
slightly older than the next basal. To this principle we still adhere as fundamental. 
Such variations as will appear beyond are consistent with the conception of ventral 
origination in the collar, which is a double gradient system as dearly proved by the 
hormone experiments described in our previous paper. 

Our present conceptions demand a broader terminology for the ventral barb-originat¬ 
ing region. The term "‘ventral triangle,” which we originally used, will continue to be 
used in the restricted sense proper to it as descriptive of the arrangement of barbs im¬ 
mediately after their origin with bases divergent and apexes meeting in the mid-ventral 
line (Fig. 7, et pas.). This configuration, however, is due to the occurrence of tangential 
movements of the bases of the barbs (sec. C, 2). We shall therefore introduce the term 
‘‘ventral locus” to designate the precise locus of origin of new barbs which is situated in 
the collar at the base of the ventral triangle when this configuration exists. When tan¬ 
gential movements are active, the ventral locus is highly restricted. Just preceding the 
formation of the after-feather, and for a short time after, it broadens out, tangential 
movements cease, and the conformation known as the ventral triangle disappears, to 
be replaced later by two (Figs. 12-17). Speaking theoretically, the ventral locus is the 
area between the ventral ends of the lateral collar gradients. The time of the original 
localization of the ventral locus is not strictly known, but it becomes clearly defined 
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during the formation of the barbs of the tip of the feather. The term “ventral field” is 
used for the region in general, of which the ventral locus is the center. 

We shall deal first with the movements that affect the disposition and growth of the 
barbs, and afterwards with their cellular origin. 

I. AXIAL GROWTH OF THE GER1C IN RELATION TO THE BARBS 

The forming barbs are carried passively away from the collar by the axial elongation 
of the germ, effected as we have seen by the development of the sheath. The fact that 
they nevertheless maintain contact with the collar is explained by their continuous basal 
growth at the expense of the cells of the ramogenous zone immediately adjacent to the 
superior lip of the collar. We shall assume that the relation of the barbs or of any portion 
of the barbs that is once organized is fixed in relation both to the sheath externally and 
to the pulp internally; that is, there is no shifting of developing barbs on sheath or pulp. 
The consequence of these principles is that each formed locus of any barb is carried 
strictly axially during the entire period of its formation (cf. Fig. 3). 

2. TANGENTIAL GROWTH IN RELATION TO THE BARBS 

The term “tangential growth” (“tangential movement” of Juhn and Fraps) relates 
solely to the barbs; it includes the apparent movement of the barb bases from the ventral 
locus to their junction with the shaft (Fig. 3) and the growth forces responsible for this 
movement. In our former paper we interpreted this movement as due to a movement of 
the entire collar directed dorsally from the mid-ventral line and its utilization in forma¬ 
tion of the shaft by total concrescence; growth centers for the barbs were presumed to 
be located in the collar and to be carried along by the moving halves of the collar, which 
thus dragged the forming bases of the barbs along with them. We can no longer support 
this interpretation in toio ; in place of concrescence of the entire halves of the collar to 
form the shaft, we are concerned with concrescence of derivatives of the collar, which we 
now regard as itself a fixed system, to form its lateral surfaces only (cf. Fig. 9J; and 
in place of postulating barb centers within the collar we regard the basal growth of the 
barbs as due to their own intrinsic utilization *of material of the ramogenous zone 
derived from the collar. 

The net result of the principles concerning the relations of axial and tangential growth 
to the formation of the barbs may be expressed in a diagram (Fig. 3). 

At any given time, however (cf. Fig. 7 and other photographs of split preparations), 
a large series of successively formed barbs is present. In such a complement it follows 
from the foregoing principles and the serial order of origin of barbs from the ventral 
locus, (a) that the length of a barb in the germ as given by the axial position of its apex 
with reference to any complement of barbs simultaneously present accurately reflects 
its time of origin, (b) that in the absence of tangential movements the orientation of a 
barb in the germ will be strictly axial or vertical, and conversely, that the obliquity of 
a barb or of any of its axial parts in the germ is a measure of the rate of tangential motion 
with respect to axial growth, which may be treated as a constant. 

3. BARBS OF IRREGULAR LENGTH 

In accordance with the principle of strictly serial order of origin, all the barbs of any 
simultaneous complement should be graded in order of increasing length from the ven¬ 
tral locus to the shaft along the collar; but this is not always the case. Barbs of irregular 
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length, longer than those adjacent to them on the shaft side, occasionally occur, and 
these are more frequent in the later stages of regeneration of the feather during the 
formation of its fluffy part, and especially during the time of origin of the after-feather. 



Flo. 3.—Seven successive positions of a single barb during its growth. Successively formed points at 
the base, b , c t d, a,/, g, and h are carried vertically at an equal rate, owing to uniform growth at 
each of these transverse levels. Owing to tangential movement, the successively formed basal points 
move toward the rhachis. The oblique orientation of the barb is thus due to a parallelogram of axial 
and tangential forces, which in the diagram are assumed, as one limiting case, to preserve a constant 
ratio during the entire formation of the barb. The apex of the barb, o, ma.intfi.inft its position at the mid- 
ventral line. dorsal; F« ventral; rjj.**ramogenouszone; ventral locus. X30. 
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The mode of origin of such barbs is as follows: Inasmuch as tangential movements are 
away from the ventral locus on both sides of the collar, there is a dead center at the 
ventral locus itself. Any barb that forms in this dead center is carried vertically by the 
axial growth of the germ (Fig. 4). In the meantime, other barbs are formed that partici¬ 
pate in the tangential movement from the start. Subsequently, the barb in the dead 
center is caught up by the tangential movement, and therefore takes a place more ventral 
than barbs of later origin which have participated in the tangential movements from 
their start, although it is longer than they. Such barbs, while in the germ, always betray 
their origin by a relatively abrupt angle between the vertical part remaining in the dead 
center and the oblique part formed after participation in the tangential movements 
(Figs- 5 j 6, et al.). 

It is evident that the probability of formation of barbs of irregular length will depend 
upon the extent of the dead center corresponding to the ventral locus. During the forma¬ 
tion of the vane of the feather the ventral locus is particularly restricted, but at the time 
of formation of the after-feather it becomes much broader, a condition that will be fully 
described beyond. Barbs of irregular length are very rare in the vane of the emerged 
feather, but are the rule rather than the exception in the apical part of the after-feather. 

Hosker (1936, pp. 180-81) interprets the occasional occurrence of barbs of extra 
length on one side of the vane as indicating that “the ventral point is not fixed, but in 
this region of plasmatic growth, a barb which lay nearer to the left side of the feather 
germ might grow towards the right side of the rhachis.” Such a denial of principle is 
fortunately unnecessary. It is impossible to visualize how a single barb can step out of 
the ranks at one place and rejoin them at another; but if a transference of the ventral 
locus from one position to another is meant, whole series of barbs, and never single 
barbs, must be involved. 

4. CELLULAR BASIS OF ORIGIN AND GROWTH OT THE BARBS 

The barbs originate and grow from a narrow zone of loosely arranged cells immediately 
adjacent and apical to the collar, which we shall call the “ramogenous zone.” The 
rhachis interrupts this zone dorsally, but it is otherwise a continuous narrow ring (Fig. 
3). It is located in the angle formed by the collar and the vertical walls of the feather 
germ (Fig. 2). The cells composing it appear to be derived by continuous proliferation 
of the adjacent (apical) margin of the collar; they are smaller than those of the collar 
epithelium, discrete and rounded; intercellular spaces produce the appearance of a net¬ 
work of strands; the epithelial surface next the pulp is here devoid of a basement mem¬ 
brane. The nuclei of the cells form about eight to ten layers, and karyokinesis may oc¬ 
cur at any level. Transverse sections show well the reticular character of the ramogenous 
zone (Fig. 8). The barb septa disappear in this zone, which is entirely unsegmented, and 
all stages in the building-up of the bases of the barbs from the cells of the ramogenous 
zone can readily be seen. At some time we propose to publish a more detailed account 
of the foregoing interesting relations. 

The ramogenous zone is the only part of the epithelial constituents of the feather germ 
which is not structurally coherent. It alone is structurally adapted to the execution of 
the tangential displacement of the bases of the barbs. 

5. THE ORIGIN OR BARB APEXES 

The origin of new barbs, i.e., of barb apexes, like their growth, is always from the 
ramogenous zone, but it is confined to the ventral locus, the extent of which is subject to 
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some variation as we have seen (cf. p. 436). This locus is situated between the two 
gradients of the collar, ard it is a tempting thought that its extent is a function of the 
steepness of the gradients. During the greater part of the growth of the feather it is 
surmounted by a triangular organization (Fig. 6) of cells of the ramogenous zone with 
the apex directed distally. The base rests on the collar, and the sides are split off as 
new barb apexes. 1 The latter thus have a considerable angle of divergence which is 
preserved as the combined forces of axial and tangential growth transport them in the 
manner already described (Fig. 3). In the region of the ventral locus the process of 
fo rming new barb apexes is then repeated. Right and left barb apexes need not be formed 
simultaneously. These processes have a practically invariable form, except during the 
formation of the apex of the vane and of the after-feather. 

The barb apex once formed in the manner just described appears to act as a center 
of organization of the cells of the ramogenous zone; as it moves toward the shaft it con¬ 
tinues to utilize cells of the ramogenous zone, thus availing itself of cells of all levels of 
the physiological gradient. The point at which growth ceases and its union with the 
shaft is complete is rather difficult to identify; cells of the ramogenous zone occurring 
between the bases of the growing barbs are carried with them on the lateral surfaces of 
the growing shaft. They are responsible for the origin of barbules arising directly from 
the shaft. 

6 ANALYSIS OF TANGENTIAL MOVEMENT 

Axial growth and movement is readily understood in principle on the basis of cell 
divisions and movements. It is not so with tangential movement, for there is no dis¬ 
tribution of cell divisions and no evidence of streaming of cells in the direction of the 
movement to account for it. Various views are theoretically possible. 

a) It might be supposed that an original oblique orientation of the part of the barb 
first formed persists and controls the direction of organization of all its later parts. This 
would approximate Hosker’s interpretation, as I understand it. (Hosker, 1936, p. 176). 
This, however, would not hold for the apical barbs which are at first vertical (Lillie and 
Juhn, 1932), nor would it hold for the barbs forming the apex of the after-feather which 
are also vertical (see p. 445), and it would not account for definite changes in orienta¬ 
tion during development, which are especially noticeable in the formation of barbs of 
exceptional length (p. 437). An essential part of the explanation of tangential movement 
must be found in conditions external to the forming barb as such. 

b) A second theory might be based upon a reaction of the forming barb bases to the 
physiological gradients, which are evidenced in general by a high threshold of reaction 
to hormones next to the ventral locus corresponding to the barb apexes and a threshold 
diminishing in a dorsal direction along the collar to junction with the shaft. The theory 
would be in general terms that tangential displacement follows the gradient, and that its 
rate and hence the obliquity of the forming portion of any barb is proportional to the 
steepness of the gradient. This would be consistent with the vertical orientation of 
barbs in the “dead center,” i.e., the place where the opposite collar gradients are in 
equilibrium. It is believed that a consistent theory might be formed upon this basis. 

c) A third theory might be based on the postulate that successive formations of new 
barbs in the ventral locus act mechanically as a vis a ter go pushing the barb bases dor- 

* Many feather germs, notably of the primary flight feathera, have strikingly asymmetrical ventral 
triangles, though symmetrical sides are more usual. 
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sally. This is the most obvious interpretation. However, the force seems inadequate to 
control the entire complement of barbs existing at any one time, unless it is supposed 
that such a purely mechanical factor is supplemented by a physiological relationship, 
such as is suggested in the second theory. 

It is to be noted, with reference to apical barbs of both main and after-feathers, that 
the origin of tangential movements is synchronous with the origin of the shaft (cf. 
Figs. 12,13,14)- It is also obvious that continuous axial growth of the shaft is a neces¬ 
sary condition for continuation of tangential movements of the fa rmin g barbs. These 
processes have a certain necessary association and correlation. The growth of the shaft 
has thus also to be taken into account in the analysis of tangential displacement. 

D. THE FORMATION OF THE SHAFT AND THE ROIE OF CONCRESCENCE 

In our previous paper (Lillie and Juhn, 1932) we ascribed the origin of the shaft simpl y 
to concrescence of the lateral halves of the collar. Renewed study has shown that the 
matter is not so simple; indeed, four longitudinal components may be distinguished 
throughout the extent of the shaft, a ventral and a dorsal forming the central axis, and 
two lateral components which fuse with the central axis. 

The origin of the apex both of the shaft and also of the aftershaft is always indi c a ted 
first by a properly located projection from the collar (Figs. 13 and 14, and Fig. 3 of our 
1932 paper). Before this time the barbs are vertical with reference to the germ (cf. 
Figs. 12 and 13), and the bases are not in any way fused. As the shaft primordium elon¬ 
gates, it carries the apical barbs at first, and later, successive barbs with it. The bases 
of these barbs and the ramogenous material between them contribute to the lateral 
surfaces of the shaft primordium, as is very clearly demonstrated by the barbule-forming 
cells incorporated in this material. 

The median part of the shaft which thus arises independently of the barbs has ventral 
and dorsal components of separate origin. The ventral component is derived from the 
collar epithelium which extends also in an active state along the ventral surface of the 
shaft for a certain distance until the smooth keratinized ventral surface is differentiated. 
In its actively dividing region it produces the cells that differentiate into the medullary 
cells of the shaft. But the keratin of the dorsal surface, which is separated from that of 
the ventral surface by the medulla and the lateral components, is derived from cells of 
independent origin placed between the medulla of the shaft and the feather sheath. Be¬ 
yond saying that the cells in question are dosdy associated with the inner layer of the 
feather sheath, we do not wish to commit ourselves as to their origin. 

The median part of the shaft arises from a spreading base in the collar (Fig. 7), which 
is also characterized by a much less massive development than the remainder of the col¬ 
lar (Fig. 8). The spread of the base indicates a central concentration of material in the 
formation of the shaft itself. The disposition and orientation of the melanophores which 
lie beneath the collar epithelium also indicate a lateral source of origin for those which 
enter the haft (Figs. 7 and 17). 

We conclude, then, that a process of concrescence is concerned in the formation of the 
lateral surfaces of the shaft, and that there is some concentration of material toward the 
center in the formation of the median part of the shaft. In any event, the median part 
of the shaft is of entirely different embryological origin from the barbs. 
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The diagram (Fig. 9) summarizes certain features of the foregoing description. 



Fig. 9. —The diagrams represent three stages in the development of the feather. The two halves 
arise from a ring of embryonic cells, the collar, sunk in the feather follicle, and surrounding the base of 
the feather germ; the ridges 01 rami after the first complement (diagram A) arise in the ventral locus ( V) 
grow at their bases from cells of the ramogenous zone (f\j.) adjacent to the apical margin of the collar, 
and simultaneously move tangentially on each side to the rhachis, carrying with them cells of the ramog¬ 
enous zone to form the lateral surfaces of the rhachis As the axis of the rhachis (stippled) grows out 
from the dorsal region of the collar it carries the completed barbs with it. As a result of the tangential 
movements of the bases of the barbs, space is constantly provided at the ventral locus for origin of new 
barbs which arise serially on each side of the ventral locus (diagrams B and C t 16-37). The sheath (j) 
arising from the proximal lip of the collar (umbilicus) is ruptured apicully after a certain stage (C). 

At any given time the collar is beset with a scries of forming barbs on each side which decrease in age 
from the lhachis to the ventral locus, and in state of development from the completely formed barbs, 
nos 1-25 (diagram C) to mere apical rudiments ventrally, nos. 35, 36, 37 (diagram C). 

The order of founation of the shaft is apicobasal, and the order of age of the barbs the same. Similarly, 
in each barb the apex at the margin of the feather is the first formed and the central end attached to the 
shaft last Thus there are two time gradients in each feather from apex to base along the shaft and from 
margin to center along the barbs. (Modified from Juhn, Fig. 43, ch. xiii, Se\ and Internal Secretions } 
Baltimore, 1932.) 

E. SUMMARY 

i. The principle changes in our 193a account which we have made are as follows: 

a) Origin of the shaft: The principle of concrescence is limited to the formation of 
the lateral surfaces of the shaft. 

b) Origin of the barbs: We have given up the principle of individual growth centers 
situated in the collar. 
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c) The explanation of the physiological gradient along the axes of the barbs evi¬ 
denced by a rising threshold of reaction to thyroxin and female hormone from to 
apex, or in the germ from dorsal to ventral surfaces, which was given in our 1932 paper, 
also requires modification. We are now uncertain whether the descending physiological 
gradient is correlated with a descending rate of growth of the barbs from apex to base. 
In any event, the gradient of growth-rate must be much less steep than was postu¬ 
lated. 

2. The main additional principles that we have stated in the present paper are as 
follows: 

a) The collar as such is a fixed double gradient system, the intensity of which is sub¬ 
ject to quantitative variations during the development of the feather. 

b) Axial growth of the germ as a whole is approximately uniform at transverse levels; 
however, it may vary at different axial levels, i.e., in time. 

c) The sheath of the feather germ developing from the collar is the principal mechani¬ 
cal supporting element .of axial growth. 

d) The ventral locus situated at the “dead center” between the two gradients is sub¬ 
ject to the stated variations in extent, relating especially to the origin of the after¬ 
feather (<?.».). 

e ) The apical segments of barbs act as organizers of ramogenous material arising from 
the collar; this conception replaces the theory of growth centers in the collar. 

HI. THE AFTER-FEATHER 
A. mTRODUCTION 

The general principles of this section were stated by us in a preliminary paper (Lillie 
and Juhn, 1937; see also Lillie, 1937). 

The after-feather of fowl corresponds in length to a somewhat variable portion of the 
fluffy region of the contour feathers, never extending into the region of the vane. It 
emerges, as is well known, from the superior umbilicus, and its ventral surface is ap¬ 
plied to the ventral surface of the main feather. It is well developed in connection with 
unspecialized contour feathers but is practically absent, or represented at most by a 
few barbs, in the flight and tail feathers. In the neck hackles it is absent or rudimentary 
anteriorly, but shows a gradually increasing development to a typical condition next to 
the cape and back. Its distribution in birds in general is given by Chandler (1916). 
Our account of its development will be confined to the breast and saddle feathers in 
fowl. 

In these tracts it comprises the same parts and elements as the corresponding part 
of the main feather. Its parts measured from apex to base are synchronous in origin 
with the identical transverse levels of the main feather and partake of the same general 
fluffy structural characteristics. It is not as broad as the main feather, and its length 
relative to the mam feather varies considerably, apparently in relation to its position in 
the feather tract or field. Reference to Figures 10,11, and 18 will be sufficient for pur¬ 
poses of general orientation. 

The study of the development is based upon over five hundred total preparations and 
a large number of serial sections, including all important stages. The early stages will 
be classified by the total number of barbs of the after-feather formed or in process of 
formation. After the formation of the hyporhachis, which occurs usually at or about the 
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stage of six barbs, they are, of course, divided into right and left series approximately 
equal in number on the two sides. 

The sex of the bird, the tract concerned, and position within the tract are intrinsic 
variables affecting the time of beginning of the after-feather reckoned from time of 
plucking. The following data are taken from accurately timed, systematic pluckings of 
breast and saddle feathers in a male and female Barred Rock respectively, involving over 
one hundred follicles: in the female the after-feather in the breast begins to form about 
the thirtieth day after plucking, when the length of the regenerating feather is from 
4.6 to s cm.; in the male, formation begins a little later than in the female, at about 
thirty-five days. The saddle of the female is quite similar to the breast in these respects; 
but in the male the time of origin is much longer, about forty-three days. In the breast 
of both sexes the lateral feathers in positions 7, 8, and 9 (see Holmes, 1935) are later in 
beginning than those in positions 1-6; number 9 indeed may have only one afterbarb 
at a time when the average in numbers i-fi is 42. 

These observations suggest problems of considerable interest especially in relation 
to field functions. However, they are mentioned here merely as a guide to the descrip¬ 
tion of stages that follows. The foregoing data for the Barred Rock are controlled to a 
certain extent by other less complete series. Season of the year, condition of the bird, 
and repetition of pluckings affect the onset of regeneration, and hence the age reckoned 
from plucking. 

The general plan of development of the after-feather may be readily understood by 
examination of total preparations. These are made by splitting the cylinder of epithelial 
cells surrounding the pulp on one side from the umbilicus longitudinally, spreading it 
out flat, pulp side out, and fixing it under pressure between two glass slides, the prepara¬ 
tion is then dehydrated, cleared, and mounted without staining. Such a preparation 
affords a view of the interior of the feather germ and displays an astonishing amount of 
detail. The preferred lines of incision are near the dorsal surface, midway laterally, or 
near* the ventral surface. The last is not suitable for the study of the after-feather. The 
constriction of the umbilicus (see Fig. 1) necessarily submits the region of the collar to 
considerable strain in this method of preparation, and it must be realized that the deli¬ 
cate bases of the barbs may thus be subject to some distortion. Allowance must be made 
for this in using such preparations, but it does not affect the subject under consideration 
in any essential way. 

Figure 7 exhibits the basal portion of an entire lateral split preparation made about 
one week before the time of origin of the afterbarbs. The photograph is useful for general 
orientation, and attention should be directed especially to the conformation of the ven¬ 
tral triangle. 

B. DEVELOPMENT 

I. IRREGULARITIES IN THE VENTRAL LOCUS 

Stages immediately preceding the actual origin of the after-feather are characterized 
by a greater frequency of barbs of irregular length. It will be remembered that these 
arise from the apex of the ventral triangle, remain in the dead center, and thus grow 
vertically for a variable period of time before being taken into the tangential stream. 
They are accordingly characterized by greater length than neighboring more dorsal 
barbs, and also by a rather abrupt angle between the vertical apical part and the oblique 
part formed after entering the tangential stream (cf. Figs. 4,5, 6, and 12). 

At this time also, and during early stages of the after-feather, other irregularities in 
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barb formation appear quite commonly in the ventral region; barb apexes may be com¬ 
pletely detached (see Fig. 6), bases of barbs may appear constricted, or two apexes may 
have a common base. Such abnormalities are frequent enough to indicate a consider¬ 
able disturbance of the ventral region. This instability persists for a certain period dur¬ 
ing the early development of the after-feather, but disappears later. 

2 . THE ORIGIN OF THE FIRST AFTERBARBS 

The formation of the after-feather is initiated by the origin of a series of vertical barbs 
from a broadened ventral locus (Fig. 12). In accordance with our interpretation of ver¬ 
tical barbs (p. 439), tangential movements have now ceased in this region, while axial 
growth continues. Also according to our interpretation of the relation of axial growth to 
length of barbs, the length of a barb is a measure of its age with reference to its neigh¬ 
bors. Accordingly it will be observed that the first vertical barbs do not arise in a regu¬ 
lar sequence like their predecessors and successors. For instance, in Figure 12 the three 
afterbarbs are of increasing age from left to right. This irregularity in origin of the first 
afterbarbs is reflected in the apex of the after-feather. 

It is interesting to recall that the apical barbs of the main feather arise also in a ver¬ 
tical position before any sign of the shaft appears, after which tangential movements 
begin and the bases become oblique as they join the shaft (Lillie and Juhn, 1932). 

3 . ORIGIN OF BILATERAL SYMMETRY OF THE AFTER-FEATHER 

The origin of bilateral symmetry of the after-feather is associated with the appearance 
of the hyporhachis and the distinct delimitation of two ventral lod. 

a) The two ventral loci are derived from the lateral margins of the broad ventral 
locus of the preceding stage. This may be interpreted as a process of division or budding 
of the original single ventral locus; its activity becomes concentrated at its margins 
which have been separated by the vertical afterbarbs. Each new locus has now the same 
bilateral activity as the original one, forming barbs right and left of its center (cf. Figs. 
13-17). In terms of the gradient theory, there are now four gradients in place of two, 
directed specifically from each center toward the rhachis of the main feather and toward 
the hyporhachis. Each locus contributes to the right side of the main feather and the left 
side of the after-feather, or vice versa. The consequences of this will be considered later. 

b) Bilateral symmetry of the after-feather itself is established by the origin of the 
hyporhachis in the approximate center of the vertical afterbarbs, when about six are 
present. In the entire preparation (Fig. 13) it appears as an unpigmented moundlike 
projection of the collar into the bases of the barbs, whose pigmented bases are entirely 
distinct from it. As it rises it carries the afterbarbs with it. It is plain, and must be 
emphasized, that the hyporhachis is an independent formation derived from the collar, 
and that the attachment of the barbs is secondary, as is also their contribution and that 
of the ramogenous material to its lateral surfaces. 

As soon as the hyporhachis is established, tangential movements of the bases of the 
barbs toward it begin, clearly indicated by their oblique disposition. This is already to 
be seen in one of the barbs of Figure 13. In the stage of eighteen afterbarbs shown in 
Figure 14, tangential movement is already actively under way. 

4 . LATER DEVELOPMENT OF THE AFTER-FKATHKR 

Later stages in the development of the after-feather are shown in Figures 13,16, and 
17. In the last, which shows only its basal portion, the after-feather is near completion. 
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Study of these figures and of their captions will serve better than any detailed descrip¬ 
tion in the text for a survey of the progress of events. The relations of the two ventral 
loci and their triangles to the main feather and after-feather, the elongation and attenua¬ 
tion of the hyporhachis, and the steady addition of new barbs to both feathers are es¬ 
pecially to be noted. Throughout these stages tangential movement of barbs, reflected 
in the obliquity of their bases, is active in both directions from each ventral locus. After 
the period of irregularity at the time of origin of the first barbs of the after-feather, the 
ventral loci have settled down to machine-like regularity. 

5. DISCUSSION 

a) The conception of collar gradients .—The conception of gradients in the collar is 
based upon our experimental determination (1932) that the threshold of reaction to the 
female hormone or thyroxin in breast and saddle feathers rises in the germ from the dorsal 
(rhachial) extremity of the collar to the ventral locus, or in the case of the barbs from 
base to apex. There are thus two gradients corresponding to the two halves of the vane 
of the feather descending from the sides of the ventral locus in the germ to the sides of 
therhachis. 

The ventral locus determines the rate of origin of barbs; it thus asserts a kind of 
dominance over the entire process of feather formation. We shall present reasons below 
for believing that its dominance expresses itself also in special ways. 

b) Twinning in the origin of the after-feather .—The two ventral loci associated with the 
development of the after-feather are derived from the material of one, the original 
ventral locus. The new ventral loci inherit, so to speak, an established gradient in the 
collar on the rhachis side of each and are related in similar manner to new gradients on 
the hyporhachis side of each. The twinning is thus obviously not a division of the whole 
germ system. But the results, described below, speak for a dominance of the whole 
system by the new loci. 

The twin triangles are much closer to the hyporhachis than to the rhachis, especially 
in early stages of the after-feather (Fig. 15); and even in late stages (Fig. 17) they do not 
become equidistant. In the first case, the difference is of the order of eight to one, and 
in the latter more than two to one. A barb destined for the apical portion of the after- 
feather thus undergoes only one-eighth as much tangential movement during its growth 
as one destined for the main feather, but it attains from one-third to one-half its length 
(Fig. 11). On the principle of equal axial growth at all transverse levels of the germ, i.e., 
equal increments of length in equal periods of time, it must follow that tangential move¬ 
ment is slower on the hyporhachis side of the ventral loci. An interesting correlation of 
this will appear later in comparison of the barbs of the main feather and the after-feather. 

In accordance with our previous interpretation, each of the new ventral loci must be 
regarded as the high point of a double gradient system which terminates in hyporhachis 
and rhachis, respectively. They thus enjoy a certain degree of independence, being 
blocked off from one another by the rhachis on one side and the hyporhachis on the other. 

In the Barred Rock fowl (Montalenti, 1934) the initiation of the black bars begins at 
the ventral triangle and progresses toward the rhachis. When it is reached the white bar 
begins to form. Black and white phases of activity are not necessarily quite synchronous 
on the two sides of the vane. It thus frequently happens that in preparations one side 
next to the ventral triangle may be in the black phase and the other side in the white 
phase (cf. Fig. 5). The two sides are “out of step,” so to speak. Similarly, the two ven- 
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tral triangles of the after-feather stage may be out of step. In such a case the one in the 
black phase will be associated with asymmetrical black spots placed on morphologically 
opposite sides of the main feather and after-feather, but superimposed, owing to the 
face-to-face relationship (see p. 443). 

This phenomenon makes it necessary to postulate dominance by the ventral locus in 
the process of pigment formation (development of melanophores), for the only thing 
that opposite halves of the vanes of the twin feathers have in common is precisely the 
common ventral locus. This conclusion is of interest not only in a physiological but also 
in a genetic sense, because Montalenti has shown that the rhythmicity in barring is a 
function of the genes, which are therefore shown in their turn to be controlled as to time 
of action by a physiological system, described by us in terms of a gradient hypothesis. 

C. PATTERN'S IN THE DEFINITIVE AFTER-FEATHER AND THE MAIN FEATHER 

In most breeds of fowl, pigment patterns are not found in the after-feather nor in the 
corresponding part of the main feather. The Barred Rock is an exception, however, for 
the barred pattern extends in the best examples to the base (Fig. 10). This enables com¬ 
parison of pattern in the twin feathers. The bars correspond in the two so closely that 
they very nearly superimpose in the natural position of the feather; the black and white 
phases in development have been synchronous in the twin feathers, or nearly so. More¬ 
over, defects in barring are repeated in the twin feathers, frequently at least. As an ex¬ 
ample, the second black bar of the after-feather in Figure 10 is defective on the observer’s 
left in both; this is, however, actually the right side of one and the left side of the other. 
In the few cases in which barring is absent, it is so in both partners, and the ground tone, 
white to dark grey, is the same in both. 

But the most remarkable examples of twin asymmetry and its reversal of side in our 
material are found in the hybrids between Brown Leghorn and Barred Rock. Here they 
are also very numerous. In these hybrids typical barring never extends into the fluffy 
region of the main feather or, a fortiori , into the region of the after-feather, though 
parti-colored patterns may occur. The superimposed regions of the partners are always 
the same (Figs. 11 and 18), thus all white or all gray or black, or if parti-colored, the 
resulting patterns are the same in both. There are various types of parti-colored pat¬ 
terns. For instance, a black tip of an after-feather otherwise white corresponds to the 
level of the main feather where black passes into white (Fig. 18C). If a black spot is 
confined to one side of the after-feather it corresponds accurately in position and form 
to a black spot of the main feather, though on its morphologically opposite side. The 
figures and their descriptions will give a better account than much writing in the text. 

But, like all other twin characters, there is never complete identity of pattern. The 
special interest of these twin feathers is that their development explains so many features 
not only of resemblance but also of difference. 

а) Axial level resemblances are explained by the principle of equal axial growth of 
the germ. 

б) The barbs of the m ain feather are longer than those of the after-feather, for they 
take more time to complete their tangential movements and have longer time in which 
to grow. It is of course the basal part of the barb of the ma i n feather that is lacking 
in tiie after-feather. 

The barb of the main feather in the region of the after-feather consists of two quite 
sharply distinct parts: a short basal region in which the barb proper is flattened in an 
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apicobasal direction, thus presenting the flat surfaces toward its neighbors, and a much 
longer cylindrical part. The transition between the two is quite abrupt. The basal part 
possesses short stout barbules, and the distal part extremely long (about 6 mm.) hair¬ 
like barbules (cilia). In the after-feather the barbs resemble only the long, distal part 
of the barb of the main feather, and the barbules are also s imila r. The homologue of the 
basal part of the barb of the main feather is completely lacking in the case of the after¬ 
feather. The obvious explanation is that the growth of the afterbarb ceases too early 
for the development of this homologue. An interesting corollary of this is that the bar¬ 
bules situated on the sides of the shaft between barb attachments are short and stout 
in the case of the main feather, and long and filiform (cilia) on the hyporhachis. As a 
result of this situation, the pigment spots described are narrower on the after-feather 
than on the main feather and correspond to the marginal zone of the main feather. 

c ) The reversal of “sidedness’ 1 is a necessary result of the fact that when either ventral 
locus is in a different phase from the other, as in all the asymmetries, its effect is on ad¬ 
jacent sides of the twins which are morphologically opposite. 

d) Two or three of the apical barbs of the after-feather have, strictly speaking, no 
homologues in the main feather. Homologous barbs cannot, in fact, arise until the two 
new ventral lod are definitively established. These barbs have thus a somewhat special 
character explained by their developmental history. 

There are thus reasons for lack of complete identity of twin characters which are 
intrinsic and need not be referred to any environmental difference. The significant aspect 
is that the causes for the dissimilarities mentioned are developmental, not genetic, and 
that they can be identified. 
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PLATE I 

Fig. i.—F eather germ of Brown Leghorn capon from the posterior part of the breast; 18 days’ re¬ 
generation. Frontal longitudinal section in follicle. ^-central artery of pulp; C» collar; derma; 

epidermis of skin; F-cavity of follicle; P-pulp; Pa= papilla; r.s.-ramogenous zone; 5«= sheath 
of feather germ. Xca aa. 

Fig. a.-—Collar and adjacent region from right side of Fig. i. r.c -regeneration cells; note the 
connection of these follicular epidermal cells with the collar; they represent a special proliferation of the 
follicular epidermis from which in conjunction with the papilla the next regeneration will take place. 
When a feather is forcibly plucked it carries with it all the collar and some of the regeneration cells; the 
pulp is removed in toto t but the papilla remains in place. 27 W.*= barbule cells; cp.c .—proliferating epi¬ 
thelium of collar; r.s.—ramogenous zone. Xca. 184. 


PLATE n 

Fig. 4.—Ventral field of a split preparation (see p. 444) of a Barred Rock female from the left anterior 
breast (feather l.b.a.5) to show a central vertical barb in an early stage (cf. p. 439); 24 days’ regeneration. 
7=ventral. X50. 

Fig. 5.— Ventral field of a split preparation of a Barred Rock female from the left anterior breast 
(feather l.b.a.q ); the left side is in the black phase, and the right side in the white phase of barring. The 
third barb on the left consists of a vertical apical portion and an oblique basal portion with an abrupt 
angle between. To illustrate origin of barbs of irregular length see p. 437; 34 days’ regeneration. X50. 


PLATE in 

Fig, 6 . —Ventral field, showing triangle and precise location of ventral locus, from Barred Rock male 
saddle (feather i.s.c.3). Stage just before beginning of after-feather. Barbs of irregular length, right 
and left; also other irregularities (cf. p. 444). Xca. 100. 

Fig. 8.—Transverse section of collar at stage of five afterbarbs (cf. Fig. 12). At this level the main 
mass of the collar is composed largely of early sheath cells. The feather germ from which this preparation 
was made was plucked, and the pulp was tom away from the collar on the right side. The section passes 
through the broad base of the rhachis (Rh) (cf. Fig. 7), which interrupts the thickened welt of the collar 
near its apical margin. A portion of the ramogenouB zone appears on each side of the rhachis region 
(rjs.); in more apical sections it can be followed all the way around except in the region of the shaft 
(cf. p. 439). A -central artery; 7 =ventral. 


PLATE IV 

Fig. 7. —Entire width of base of total preparation split laterally to show relations of ventral field and 
rhachis. Hybrid capon (Barred RockXBrown Leghorn); about one week before origin of after-feather; 
breast (feather **.6,0.9); 7» ventral; D-Dorsal. X30. 


PLATE V 

Fig. 10.— Barred Rock male: A. From left back, row c; ventral view with after-feather displaced; 
B. From left breast with after-feather similarly displaced. 

Fig. ii.—; Hybrid capon (Barred RockXBrown Leghorn). Ventral view of base of feather with after- 
feather turned back. A. From right saddle, row d; main and after-feather all white; B. From right 
saddle, row c; main and after-feather with similar black spots; on the right side in the main feather and 
on the left side in the after-feather, the ventral surface being up in both. 


PLATE VI 

Flo. 12.—Ventral field in total preparation, stage of three afterbarbs (cf. p. 44S)» bo hyporhachis. 
Barred Rock female, saddle (feather U.d.4); 40 days* regeneration. 4'/—after-feather; firet three barbs. 
X85. 



PLATE VII 

Fic 13 —Ventral field in total preparation Usual symmetrical arrangement of six afterbarbs (A'f) 
with beginning stage of hyporhachis m the center, appearing as a low rounded projection from the collar 
Barred Rock female saddle (feather rsd a), 40 days’ regeneration X85 


PLATE Vm 

Fig 14 —Ventral field m total preparation After feather (A'f) with nme afterbarbs on each side, 
and moundlile hyporhachis The two ventral triangles ( 70 , right and left of the aftei feathei, aie well 
differentiated Note the apparent fusion of the two central afterbarbs at the apex of the hyporhachis, 
and also the irregular lengths of afterbarbs on the right Barred Rock female saddle (feather rsd 4), 
40 days’icgeneration Xca 73 


PLATE DC 

Fig 15 —Entire width of base of total preparation, lateral split, to show relation of aftei feather 
( A'f) and hyporhachis to mam feather and rhachis About ten afterbarbs on each side Note arrange 
ment of chromatophores at spreading base of rhachis Hybnd capon (Barred Rock X Brown Leghorn) 
breast (feather t b d 6), about 40 days’ regeneration 7 ', V '—the two ventral triangles Xca 24 


PLATE X 

Fig 16— Vential field m total preparation After feather (A'f) with about eighteen afterbarbs on 
each side Note especially further elongation and narrow mg of hyporhachis Barred Rock female saddle 
(feather 1 sf i), 37 days’ regeneration 7 ', 7 '=the two ventral triangles Xca 60 


PLATE XI 

Fig 17 —Entire width of base of total preparation spht close to rhachis on left to show relations of 
after feather (A'f) and main feather More advanced stage of after feathei than preceding figures Note 
relations of chromatophores in the collar to those in the rhachis Baired Rock female saddle (feather 
l s c 4), 37 days’ regeneration 7 ', 7 '®the two ventral triangles X30 


PLATE XU 

Tio 18—Saddle feathers of hybnd capons (Barred RockXBrown Leghorn), ventral views with 
after-feather turned back Identical patterns of after feathei and mam feather with reversal of side 
A Capon 229 saddle (feather r re 3), vane pure Barred Rock type B Capon 198 saddle (feather Is a i), 
vane pure Leghorn type C Capon 198 saddle (feather rsaf), apical half of vane Baned Rock type, 
basal half Leghorn type 




01 * 



PLATE II 






PLATE III 



Fig. 








PLATK IV 














PLATE VI 



Fra. la 




Fig. 13 









PLATE IX 





PLATE X 







PLATE XI 












PLATE XII 



Fig x8 








INDEX TO VOLUME XI 


Abramowitz, a. A., 299 

Abundant feeding followed by restricted feeding 
and longevity m Dapknia , 399 
Alexander, Lloyd £., 82 
Anderson, Dagney M., 158 
Annotated bibliography of the scientific publica¬ 
tions of Professor Charles Manning Child, 105 
Atlas, Meyer, 278 

Bater, Joseph G., Jr., 63 
Barth, L. G., 179 
Bodine, J. H., 54, 267 
Boeix, E. J., 54 
Brauer, Alfred, 249 
Buchanan, J. William, 144 

Comparison of quantitative precipitin techniques 
as influenced by injection procedures, 63 

Danielson, Ragnar N., 292 

Daugherty, Kathryn, 383 

Differential gradient functions in the feather germ, 

187 

Donnbixon, James A., 389 
Dunham, H. Howard, 399 

Effect of chemicals and temperature on reversal in 
ciliary action in Paramecium, the, 19 
Effect of dead optic vesicle upon explants of pro¬ 
spective ectoderm, the, 168 
Effect of planarian extracts and exudates upon 
head regeneration in Enplanaria dorotocephala , 
the, 144 

Effect of substances produced by ChUomcnas 
Paramecium on rate of reproduction, the, 359 
Elliott, Alfred M., 31 

Experimental study of dot formation in the peri¬ 
visceral fluid of Arbacia, an, 389 

Fat release in Amoeba after irradiation, 383 
Fennell, R. A., 1 

Fetal respiratory movements in the cat, 425 
Folgsr, Harry T., 82 

Fragmentation of Nais pataguayensts, the, 126 
Fraps, Richard M., 187 

Glkse, Arthur C. ? 326 

Hardin, Garrett, 333 
Hellbrunn, L. V., 383 
Hxnrichs, Mark A., i$5 
Htman, t &toat H4 iq5, xa6 


Influence of certain plant hormones on growth of 
protozoa, the, 31 

Influence of the frequency of stimulation on the 
slow and the fast contraction in crustacean 
muscle, the, 75 

Influence of thyroxin on eye formation in Pha- 
gocata gracilis (Haldeman), the, 158 

Johnson, W. H., 333 
John, Mary, 434 

Light intensity and melanophore response in a 
cyprinid fish, 292 
Lillie, Frank R., 434 

Marmont, George, 312 
Mast, S. 0 ., 1, 359 
McCay, C. M., 89 

Microscopic anatomy of twins and double mon¬ 
sters of Fimdulus heteroditus , the, 155 
Miller, James A., 214 

Modific ation s of de ve lopment in relation to dif- 

tera) egg 5 ^^?^ Coring different metabolic 
phases, 249 
Monnibr, M. y 425 

Motor and inhibitory innervation of the legs of 
brachyuran decapods, on the, 312 

Nutritional requirements of Blattda gsrmanica , 
the, 89 

Olfactory reactions of Drosophila melanogasier 
Meigan to the products of fermenting banana, 
the, 317 

Ouphant, J. F., 19 

Oxygen as a controlling factor in the regeneration 
of Tubularia, 179 

Pace, D. M, 5 359 
Phillips, Charles W., 158 
Physiology of development of the feathet U* 
General principles of development with special 
reference to the after-feather, 434 

Race and conjugation of Paramecium, 326 
Rate of oxygen consumption of frogs during 
embryonic development and growth, the, 278 
Ray, 0 . Malcolm, 267 
Reed, Meua R, 3x7 
Rsicm, Kasx> 347 

Relation between temperature, wJfy hydrogen- 
ion concentration, mi frequency of mges&wt 
of food, by Amoeba, the, x 



45 * 


INDEX TO VOLUME XI 


-pfprnfVii nn of Paramecium in old culture 
medium, 333 

Response to mechanical shock by the cercariae of 
Bucephalus departs, the, 8a 

Robbie, W. A., 54 
Rtjion, 0 UN, aoa 


ScrasraK, Ambus L., 40 


Shlader, Ambus, 408 

Similarity between the hypophyseal chromato- 
phorotrcpic hormone and lie chromatophoro- 
tropic hormone of the crustacean eyestalk, 
the, 399 


ene blue on reconfititution in Eupwtarta 
dorotocepbato, 20a 

Some effects of hypertonic solutions upon develop¬ 
ment and oxygen consumption, 40 


Steele, A, G., 425 

Studies on heteroplastic transplantation in tri- 


clads. I. Cephalic grafts between Euplonaria 
dorotocephala and E. tigrina, 214 
Studies in mass physiology: effect ol numbers 
upon the oxygen consumption and locomotor 
activity of Crassius ourotus , 408 
Studies on the physiology of Amoeba, H The 
allelocatalytic effect in Amoeba cultures free 
of bacteria, 347 

Study of the mechanism of cyanide inhibition. I. 
Effect of concentration on the egg of Melano- 
plus djjfercntialis , a, 54 

Ultra-violet radiation of grasshopper eggs (Orlhop- 
tera), 267 

Van Cleave, C. D., 105,168 
Van Harreveld, A,, 75 

Weimer, Bernal R., 158 
Wiersma, C. A. G., 75, 312 
WlNDLE, W, F., 425 
Wolfe, Harold R., 63 






